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Cuanto más alto llegaba 
de este lance tan subido 
tanto más bajo y rendido 
y abatido me hallaba 
dije: No habrá quien alcance. 
Abatíme tanto tanto 
que fui tan alto tan alto 
que le di a la caza alcance. 
Tans plus, montant, je m’approchais 
De ce sublime transport, 
Tant plus bas je me trouvais, 
Rendu et anéanti. 
Je dis : « Nul n’y atteindra ! » 
Et tant et tant je m’abaissai 
Que si haut, si haut j’allai 
Que j’atteignis ce que je chassais. 
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RESUME 
L'hydrogène est l'un des vecteurs énergétiques les plus prometteurs dans la recherche d'un mix 
énergétique plus durable. Plusieurs études et feuilles de route ont été réalisées sur le potentiel 
d'une économie « hydrogène » et ont identifié que même si de nombreuses technologies requises 
sont déjà disponibles aujourd'hui, le déploiement d'infrastructures hydrogène constitue la tâche la 
plus difficile de son développement, dont la mesure où on doit atteindre des coûts compétitifs et 
avoir l'acceptation du marché. La conception de la chaîne logistique de l’hydrogène (HSC), en 
particulier à des fins de mobilité, implique une série de décisions importantes à différents niveaux 
(sources d'énergie, production, transport et stockage) et peut être considérée comme un problème 
multi-échelle et multi-période avec plusieurs parties prenantes. L'objectif de ce travail est de 
proposer un cadre méthodologique pour aborder le problème de conception de la HSC de manière 
complémentaire au travail proposé dans le travail de doctorat de (Sofia de Leon Almaraz, 2014) 
dans lequel une formulation multi-objectif a été mise en œuvre via la méthodologie ε-contrainte 
pour obtenir le front de Pareto, en optimisant trois objectifs en même temps : le coût journalier 
total, le potentiel de réchauffement global et un indice de risque de sécurité. Une analyse de 
sensibilité basée sur un plan d'expérience en utilisant les méthodes de plan factoriel et surface de 
réponse a été réalisée pour identifier les principaux paramètres (facteurs) et leur interaction 
affectant le critère économique, soit le coût journalier total (TDC) (réponse), englobant les coûts 
capitaux et opérationnels. Cette analyse de sensibilité souligne que la demande est de loin le 
paramètre le plus important qui conditionne fortement le critère TDC, de sorte que davantage 
d'efforts sont nécessaires pour modéliser l'incertitude de la demande de façon homogène. Dans la 
formulation initiale de la conception de la HSC, la taille du problème liée au nombre de variables 
binaires conduit souvent à des difficultés pour résoudre le problème. Dans ce travail, le potentiel 
des algorithmes génétiques (GA) via une variante de NSGA-II est exploré pour faire face à la 
formulation multi-objectif, afin de produire automatiquement le front de Pareto. La formulation 
du modèle a ensuite été étendue pour tenir compte de l'incertitude de la demande, ce qui donne 
plus de robustesse à l'approche proposée. Deux études de cas soutiennent cette analyse : d'abord 
au niveau régional, les résultats de la conception de la HSC pour l'ancienne région Midi-Pyrénées 
obtenus avec les deux modèles sont comparés. Les solutions obtenues par GA présentent le même 
ordre de grandeur que celles obtenues avec MILP (Programmation Linéaire en Nombres Entiers) 
dans le problème mono-critère, mais de meilleures solutions de compromis sont produites dans la 
formulation multi-objectif et des résultats plus flexibles sont obtenues avec la modélisation de 
l’incertitude de demande. Puis l’écosystème aéroportuaire, Tarbes-Lourdes, a été étudié : 
l'infrastructure aéroportuaire est une étude de cas intéressante, car un aéroport est une source 
d'émissions qui affectent le climat à cause des émissions générées par les activités faites à 
l'intérieur et à l'extérieur du périmètre de l'aéroport, liées à l’opération et utilisation de l’aéroport. 
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Enfin, une analyse post-optimale sur une solution de compromis de la HSC est réalisée sur la 
base d'une évaluation sociale, via deux analyses coûts-bénéfices (CBA) d'un point de vue social 
(SCBA) et gouvernemental (subventions et taxes), montrant que l'incorporation d'externalités 
aide à financer une proportion importante des coûts. L'approche SCBA pour le déploiement de 
l'hydrogène intègre les avantages sociétaux induits à travers la réduction des émissions de gaz à 
effet de serre, la réduction de la pollution atmosphérique mais aussi les coûts sociaux par 
l'augmentation de la consommation de platine dans la fabrication des piles à combustible. En 
incluant les coûts externes, les avantages économiques du remplacement de l'ICEV (véhicule à 
essence) par le véhicule FCV ont été soulignés. 
 
Mots clés : Chaîne logistique de l’hydrogène, optimisation, algorithme génétique, écosystème 
aéroportuaire, incertitude, analyse coûts-bénéfices sociale. 
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ABSTRACT 
 
Hydrogen is one of the most promising energy carriers in the quest for a more sustainable energy 
mix. Several studies and roadmaps have been carried out about the potential of a « hydrogen » 
economy and have identified that even if many of the required technologies are already available 
today, the deployment of hydrogen infrastructures constitutes the most challenging task for its 
development, so as to achieve competitive costs and mass market acceptance. The design of a 
hydrogen supply chain (HSC), in particular for mobility purpose, involves a series of important 
decisions at different levels, i.e.  energy sources, production, transportation and storage and can 
be viewed as a multi-echelon, multi-objective and multi-period problem with multiple 
stakeholders. The objective of this work is to propose a methodological framework to tackle the 
HSC design problem in a complementary manner to the work proposed in the PhD work of (Sofia 
de Leon Almaraz, 2014) in which a multi-objective formulation was implemented via the ε-
constraint method to generate the Pareto front, optimising three objectives at the same time, total 
daily cost, global warming potential and a safety risk index. A sensitivity analysis based on a 
design of experiments through the Factorial Design and Response Surface methods was carried to 
identify the major parameters (factors) and their interaction affecting the economic criterion, i.e., 
the total daily cost (TDC) (response), encompassing capital and operational expenditures. This 
sensitivity analysis highlights that the demand is by far the most significant parameter that 
strongly conditions the TDC criterion so that more effort is needed to model demand uncertainty 
consistently in HSC design, especially since a long horizon time is considered for hydrogen 
deployment. Besides, in the initial formulation of HSC design, the size of the problem related to 
the number of binary variables often leads to difficulties for problem solution. In this work, the 
potential of genetic algorithms (GA) via a variant of NSGA-II is explored to cope with the multi-
objective formulation, in order to automatically produce the Pareto front. The model formulation 
has then been extended to take into account demand uncertainty, giving more robustness to the 
proposed approach. Two case studies support the analysis: first at regional level, the results of a 
HSC design for the former Midi-Pyrénées region obtained with both models are compared. The 
solutions obtained by GA exhibit the same order of magnitude as those obtained with MILP 
(Mixed Integer Linear Programming) in the mono-criterion problem, but better compromise 
solutions are produced in the multi-objective formulation and more flexible ones are obtained 
with demand uncertainty modelling. Then an airport ecosystem, i.e. Tarbes-Lourdes has been 
studied:  the airport infrastructure is an interesting case study, since an airport is a source of 
emissions that affect climate, including the emissions generated from activities occurring inside 
and outside the airport perimeter fence associated with the operation and use of an airport. 
Finally, a post-optimal analysis on a compromise solution of HSC configuration is carried out 
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based via two cost-benefit analyses (CBA) from a social (SCBA) and governmental perspective 
(subsidies and taxes). The SCBA approach for hydrogen deployment integrates societal benefits 
for the reduction of greenhouse gas emissions, noise air pollution abatement and social costs for 
the increase in platinum consumption in the manufacture of fuel cells. By including external 
costs, economic benefits of the replacement of ICEV (internal combustion engine) by FCV (Fuel 
Cell Vehicles) were highlighted as well as the generation of positive social net present values.  
 
Keywords: Hydrogen supply chain, optimization, genetic algorithm, airport ecosystem, 
uncertainty, social cost-benefit analysis. 
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INTRODUCTION GENERALE 
L'hydrogène est l'un des vecteurs énergétiques les plus prometteurs dans la quête d'un mix 
énergétique plus durable. Plusieurs études et feuilles de route ont été réalisées dans le cadre 
d'une économie basée sur l’hydrogène et ont identifié que, même si de nombreuses technologies 
sont déjà disponibles aujourd'hui, le déploiement d'infrastructures pour l’hydrogène constitue un 
verrou pour son développement, l’obtention de coûts compétitifs et l'acceptation du marché de 
masse. 
La conception d'une chaîne logistique « hydrogène » (HSC, « Hydrogen Supply Chain »), en 
particulier pour des usages en mobilité, implique une série de décisions importantes à différents 
niveaux (sources d'énergie, production, transport et stockage) et peut être considérée comme un 
problème multi-échelle, multi-objectif et multi-période avec plusieurs parties prenantes. La 
méthodologie la plus courante pour résoudre les problèmes HSC implique une approche de 
programmation linéaire en nombres mixtes (MILP). 
La revue de la littérature scientifique récente s’accorde sur la nécessité de développer des études 
systémiques pour démontrer la faisabilité du déploiement de l'hydrogène et de valider l'intérêt 
technico- économique dans la production d'hydrogène produit à partir de sources renouvelables : 
de tels travaux doivent développer des modèles de déploiement de l'hydrogène prenant en compte 
des critères économiques, environnementaux et sociaux dans une formulation d'optimisation 
multi-objectif. 
Actuellement, de nombreux progrès ont été réalisés dans la formulation du problème de 
conception de réseaux de chaînes logistiques à travers le développement de stratégies multi-
objectifs efficaces qui traitent de façon adéquate les différentes dimensions du développement 
durable. 
 
Dans la même veine que la thèse développé par (De León Almaraz, 2014), l'objectif scientifique de 
ce travail est de résoudre le problème de conception des HSC en élargissant la portée des 
méthodologies utilisées dans la conception HSC afin de surmonter plusieurs obstacles: 
• Concernant les techniques de résolution, les solveurs standard et puissants ont été les 
outils les plus largement utilisés pour résoudre les modèles SCND. Cependant, la taille et, 
en particulier, le nombre de variables binaires dans les problèmes pratiques de la chaîne 
d'approvisionnement conduisent souvent à des difficultés numériques. Les travaux de (De 
León Almaraz, 2014) ont également montré que la stratégie de la solution basée sur la 
méthode de ɛ-contrainte pour un problème multi-objectif et multi-période peut atteindre 
ses limites pour les problèmes hautement combinatoires. 
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• La deuxième barrière scientifique est d'identifier les paramètres majeurs et leur 
interaction affectant un critère économique, puisque le démarrage du déploiement de la 
HSC peut être fortement pénalisé d'un point de vue économique. 
• Un autre défi consiste à modéliser l'incertitude liée à la demande d'hydrogène qui a été 
identifiée comme l'un des paramètres les plus significatifs de la HSC. 
• Enfin, un autre défi vise à évaluer le bénéfice social des configurations du réseau 
hydrogène qui seront générées par le cadre d'optimisation. 
Dans ce travail, un accent particulier sera mis sur le développement global de l'infrastructure 
hydrogène pour alimenter les véhicules à pile à combustible. Cette transition vers une énergie à 
« zéro émission de carbone » est motivée par la recherche de l'amélioration de la qualité de l’air au 
niveau local, la lutte contre les impacts du changement climatique, et l’utilisation de carburants 
issus de ressources renouvelables locales. 
Ce travail de doctorat a été réalisé au Laboratoire de Génie Chimique, Université de Toulouse, 
CNRS, dans le département de Procédés et Systèmes Industriels (PSI). 
Le manuscrit est organisé en sept chapitres. Une brève description du contenu de chaque chapitre 
est présentée ci-après. 
Chapitre 1. L'hydrogène comme pilier de la transition énergétique. Ce chapitre présente les 
principaux rôles que peut jouer l'hydrogène dans l'économie, en ciblant les aspects liés à la 
décarbonisation. Le concept de Power-to-Gas utilisé dans les HSC est également présenté. Le 
cadre de l’étude est basé sur une approche systémique de l’étude du potentiel de l'hydrogène dans 
le système énergétique futur, notamment pour des applications mobilité. Les feuilles de route 
stratégiques sur le potentiel de l'hydrogène à différents niveaux d’échelle sont analysées. 
Chapitre 2. Conception de chaînes logistiques « hydrogène » : composants technologiques clés et 
évaluation de critères de développement durable. Ce deuxième chapitre est consacré à l'analyse de 
la HSC et de ses différents échelons (du choix de la source d'énergie à la distribution, en passant 
par la production, le stockage et le transport qui interagissent tout au long de la chaîne). 
L’objectif du chapitre est d'établir les configurations pourraient être considérées et explorées 
selon la cible d’étude. Les critères à prendre en compte dans un contexte de développement 
durable sont également mis en évidence. 
Chapitre 3. Méthodes et outils pour la conception de chaînes logistiques « hydrogène ». Les 
méthodes et outils classiquement utilisés pour la conception de la HSC sont présentés. Les 
principaux problèmes abordés ici impliquent le choix de la stratégie d'optimisation dans des 
cadres mono et multi-objectifs ainsi que les méthodes d'aide à la décision pour trouver une 
solution de compromis du front de Pareto. Une attention particulière sera accordée aux 
algorithmes génétiques à objectifs multiples qui seront utilisés dans le chapitre 5. 
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Chapitre 4. Conception de plans d’expériences pour l'analyse de sensibilité d’une chaîne logistique 
« hydrogène ». L'objectif de ce chapitre est de réaliser une analyse de sensibilité (SA) de la HSC à 
l’aide de plans d'expériences, de plans factoriels et de la méthode des surfaces de réponses pour 
identifier les paramètres principaux (facteurs) et leur interaction sur le critère économique du 
coût total journalier (réponse), englobant les dépenses en capital et opérationnelles. Six 
paramètres clés sont choisis : demande, facteur de changement de capital, coûts en capital de 
stockage et de production, taux d'apprentissage et coût unitaire de production. 
Chapitre 5. Conception optimale du réseau d’une chaîne logistique « hydrogène » par algorithmes 
génétiques multi-objectifs avec incertitude sur la demande. Un modèle de la chaîne logistique 
« hydrogène » basé sur une formulation MILP (programmation linéaire en variables mixte) dans 
une formulation multi-objectif a été mise en œuvre par la méthode ε-contrainte pour générer le 
front de Pareto dans un travail précédent sur le cas d’étude de l’ancienne région Midi-Pyrénées. 
Mais la taille du problème et en particulier le nombre de variables binaires conduisent souvent à 
des difficultés numériques de résolution du problème. Dans ce travail, le potentiel des 
algorithmes génétiques (GA) via une variante de NSGA-II est exploré pour résoudre la 
formulation multi-objectif et produire automatiquement des solutions de compromis. De plus, 
comme la demande en hydrogène est l'un des paramètres les plus significatifs, l'incertitude de ce 
paramètre a été prise en compte à l'aide de concepts flous. 
Chapitre 6. Conception optimale d’une chaîne logistique « hydrogène » : application à un 
écosystème aéroportuaire. Les technologies de l'hydrogène et des piles à combustible peuvent être 
une solution pour relever les défis auxquels sont confrontés les grands aéroports, tels que les prix 
des hydrocarbures, les émissions de gaz à effet de serre, les réglementations de plus en plus 
strictes sur le bruit et les polluants atmosphériques. Un aéroport peut également être considéré 
comme le centre d'un écosystème de l'hydrogène autour duquel de multiples utilisateurs 
d'hydrogène pourraient être regroupés, avec un partage des coûts de production et de stockage de 
l'hydrogène entre les utilisateurs. L'objectif de ce travail au sein du méta-projet Hyport et 
notamment au sein du projet «H2 modeling» est de concevoir une infrastructure hydrogène 
irriguée par l'écosystème aéroportuaire répondant aux besoins énergétiques de l'écosystème 
aéroportuaire. Ce travail est axé sur un écosystème aéroportuaire d’hydrogène situé dans le 
département des Hautes-Pyrénées (France). 
Chapitre 7. Analyse sociale coût-bénéfice pour des scénarios optimaux de conception et de 
déploiement de l’infrastructure « hydrogène ».  Dans ce chapitre, l’étude de la pénétration des 
véhicules à pile à combustible (FCV) sur le marché, en remplacement des véhicules à moteur à 
combustion interne (ICEV) a été évaluée d'un point de vue social et gouvernemental de 2020 à 
2050. Pour cela, la meilleure configuration HSC obtenue grâce à l'application du cadre 
méthodologique HSCN présenté dans le chapitre 5 a été évaluée à travers une analyse coût-
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bénéfice (CBA) pour déterminer si le déploiement de la mobilité de l'hydrogène augmente 
suffisamment le bien-être social. 
Conclusions et perspectives. 
L'organisation de ce manuscrit est résumée à la Figure 0.1. 
 
FIGURE 0.1 ORGANISATION DU MANUSCRIT 
Liste de papiers/congrès : 
Congrès : 
• MOSIM -12ème Conférence Internationale de Modélisation, Optimisation et Simulation. 
France, 2018. 
• SFGP -16ème Congrès de la Société Française de Génie des Procédés. France, 2017. 
• ESCAPE -26th European Symposium on Computer Aided Process Engineering-Portorož. 
Slovénie, 2016. 
• ENER -Energy Systems Conference. Angleterre, 2016. 
• ECOS -28th International Conference on Efficiency, Cost, Optimization, Simulation and 
Environmental Impact of Energy Systems. France, 2015. 
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GENERAL INTRODUCTION 
Hydrogen is one of the most promising energy carriers in the quest for a more sustainable energy 
mix. Several studies and roadmaps have been carried out about the potential of a « hydrogen » 
economy and have identified that even if many of the required technologies are already available 
today, the design and deployment of hydrogen infrastructures constitutes the most challenging 
task for its development, so as to achieve competitive costs and mass market acceptance. 
The design of a Hydrogen Supply Chain (HSC), in particular for mobility purpose, involves a 
series of important decisions at different levels, i.e. energy sources, production, transportation 
and storage and can be viewed as a multi-echelon, multi-objective and multi-period problem with 
multiple stakeholders. The most common methodology to solve the HSC problems involves a 
Mixed Integer Linear Programming (MILP) approach.  
The literature review of recent dedicated scientific publications agrees on the need to develop 
systemic studies in order to demonstrate the feasibility of the hydrogen deployment and to 
validate the technical and economic interest in the production of hydrogen produced from 
renewable sources: such works involve the development of models for hydrogen design and 
deployment taking into account economic, environmental and social criteria in a multi-objective 
optimization formulation. 
Currently, much progress has been made in the solution of the supply chain network design 
(SCND) models, through the development of efficient multi-objective optimization strategies that 
adequately address the different dimensions of sustainable development.  
In the same vein as the PhD work developed by (De León Almaraz, 2014), the scientific objective 
of this work is to address the HSC design problem expanding the scope of methodologies used in 
HSC design so that several barriers could be overcome: 
• Concerning solution techniques, standard and powerful solvers have been the most widely 
used tools to solve SCND models. However, the size and particularly the number of binary 
variables in practical supply chain problems often lead to numerical difficulties. The 
results reported in (De León Almaraz, 2014) have also shown that the solution strategy 
based on Ԑ-constraint method for a multi-objective multi-period problem may reach its 
limits for highly combinatorial problems. 
• The second scientific barrier is to identify the major parameters and their interaction 
affecting an economic criterion, since the start-up of the HSC deployment may be strongly 
penalizing from an economic point of view.  
• Another challenge is to model the uncertainty related to hydrogen demand which has 
been identified as one of the most significant parameters in the HSC.  
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• Finally, another challenge is to evaluate the social benefit of the hydrogen network 
configurations that will be generated by the optimization framework. 
In this work, particular emphasis will be given to the global development of hydrogen 
infrastructure to power fuel cell vehicles. This move toward zero emissions is motivated by the 
simultaneous drivers of improving local air quality, protecting against increased climate change 
impacts, and shifting to local renewable fuel sources.  
This PhD work was carried out at the “Laboratoire de Génie Chimique”, UMR 5503 CNRS INP 
UPS, in the Process Systems Engineering department. 
The PhD manuscript is organized into seven chapters. A brief description of the content of each 
chapter is presented hereafter.  
Chapter 1. Hydrogen as a pillar of the energy transition. This chapter presents the major roles 
that hydrogen plays in the economy, focusing on decarbonisation. The concept of Power-to-Gas 
used in HSCs is also presented. The vision that is laid out is based on a systemic view of the 
potential of hydrogen in the energy system, in particular for mobility purpose. Strategic 
roadmaps about the potential of hydrogen at different levels are analysed. They highlight the 
need of systemic approaches to tackle hydrogen supply chain design. 
Chapter 2. Hydrogen supply chain design: key technological components and sustainable 
assessment. This second chapter is dedicated to HSC analysis (choice of the energy source, 
production, storage, transportation and distribution). Its purpose is to establish which 
configurations could be considered and explored according to the target in view. The criteria to be 
taken into account in a sustainable development context are also highlighted. 
Chapter 3. Methods and tools for hydrogen supply chain design. This chapter presents the 
methods and tools classically used for hydrogen supply chain design. The main issues addressed 
here involve the choice of the optimisation strategy in mono and multi-objective frameworks as 
well as decision-aid methods to find a trade-off solution from the so-called Pareto front. Specific 
emphasis will be given to multi-objective genetic algorithms that will be selected in Chapter 5. 
Chapter 4. Design of experiments for sensitivity analysis of a hydrogen supply chain design 
model. The objective of this chapter is to perform a sensitivity analysis (SA) of the HSC through 
the design of experiments, the Factorial Design and Response Surface methods to identify the 
major parameters (factors) and their interaction affecting an economic criterion, i.e., the total 
daily cost (TDC) (response), encompassing capital and operational expenditures. Six key 
parameters are chosen, i.e., demand, capital change factor, storage and production capital costs, 
learning rate and unit production cost. 
Chapter 5. Optimization of a hydrogen supply chain network design under uncertainty by multi-
objective genetic algorithms. A model of the hydrogen supply chain (HSC) based on MILP 
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formulation (Mixed Integer Linear Programming) in a multi-objective formulation implemented 
via the ε-constraint method to generate the Pareto front was carried out in a previous work and 
applied to the former region of Midi-Pyrénées. Yet, the size and in particular the number of 
binary variables often lead to difficulties for problem solution. In this work, the potential of 
genetic algorithms (GA) via a variant of NSGA-II is explored to cope with the multi-objective 
formulation, in order to produce compromise solutions automatically. Also, since hydrogen 
demand is one the most significant parameters according to the results of Chapter 4, the 
uncertainty of the demand, modelled using fuzzy concepts was considered.  
Chapter 6. Optimal design of hydrogen supply chain network: application to an airport 
ecosystem. Hydrogen and fuel cell technologies can be one solution to address the challenges that 
major airports are facing today, such as upward price trends of liquid hydrocarbon fuels, 
greenhouse gas (GHG) emission regulations, stricter noise and air pollutant emission regulations 
especially for on-ground pollution. An airport can also be viewed as the centre of a hydrogen 
ecosystem around which multiple hydrogen users could be clustered, with cost sharing of 
hydrogen production and storage among users. The objective of this work within the Hyport 
project and, in particular within the « H2 modelling » project involved, is to design a hydrogen 
infrastructure irrigated by the airport ecosystem satisfying the airport ecosystem energy needs. 
This work is focused on a hydrogen airport ecosystem located in the department of Hautes-
Pyrénées (France). 
Chapter 7. Social cost-benefit assessment of hydrogen supply chain optimal design and 
deployment scenarios. In this chapter, the market penetration of hydrogen fuel cell vehicles 
(FCV), as substitutes for internal combustion engine vehicles (ICEVs) has been evaluated from a 
social and governmental perspective from 2020 to 2050. For this purpose, the best compromise 
HSCN configuration obtained through the application of the HSCN methodological framework 
presented in Chapter 5 has been assessed through a cost-benefit analysis (CBAs) to determine 
whether the hydrogen mobility deployment increases enough the social welfare. 
Conclusions and perspectives.  
The organisation of this manuscript is summarized in Figure 0.1. 
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Congresses 
• MOSIM -12ème Conférence Internationale de Modélisation, Optimisation et Simulation. 
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• ENER -Energy Systems Conference. Angleterre, 2016. 
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CHAPTER 1 
HYDROGEN AS A PILLAR OF THE ENERGY 
TRANSITION1 
Abstract 
Hydrogen produced from renewable sources and used in fuel cells both for mobile and stationary 
applications constitutes a very promising energy carrier in the energy transition. This introduction 
chapter explores the major roles that hydrogen is likely to play in economy, with specific focus on 
decarbonization. The concept of Power-to-Gas used in hydrogen supply chains is then presented. 
The vision that is laid out is based on a systemic view of the contribution of hydrogen in the energy 
system, in particular for mobility purpose. The strategic roadmaps that have been currently 
published about the potential of hydrogen at European, national and regional level as well as the 
analysis of the scientific publications in this field have identified that even if many of the required 
technologies are already available today, the deployment of hydrogen infrastructures constitutes 
the challenging task for the development of a « hydrogen » economy, so as to achieve competitive 
costs and mass market acceptance. This is the methodological core of the scientific work presented 
in this manuscript. 
Résumé 
L‘hydrogène produit à partir de sources renouvelables et utilisé dans des piles à combustible, à la 
fois pour des applications mobiles et stationnaires, constitue un vecteur prometteur de la transition 
énergétique. Ce chapitre introductif explore les rôles majeurs que l'hydrogène est susceptible de 
jouer dans l'économie, avec un accent particulier sur la décarbonisation. La conversion d’électricité 
en gaz (Power-to-Gas) utilisé dans les chaînes logistiques « hydrogène » est ensuite présentée. La 
vision qui est proposée consacre l’approche systémique dans l’étude du potentiel de l'hydrogène, 
particulièrement à des fins de mobilité. Les feuilles de route stratégiques actuellement publiées sur 
                                                     
1 Ochoa Robles, J., Azzaro-Pantel, C., De-Leon Almaraz, S., Hydrogen as a pillar of the energy 
transition, in: Design, Deployment and Operation of a Hydrogen Supply Chain. Academic 
Press 2018, Elsevier, Ed. Catherine Azzaro-Pantel, ISBN: 9780128111970. (to be published 
01/07/2018) 
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le potentiel de l'hydrogène aux niveaux européen, national et régional, ainsi que l'analyse de la 
littérature scientifique dans ce domaine ont montré que, même si plusieurs de ces technologies sont 
déjà disponibles aujourd'hui, le déploiement des infrastructures pour l’hydrogène constituent le 
défi le plus important pour le développement d’une économie basée sur l’hydrogène, afin d’atteindre 
des coûts compétitifs et une acceptation massive du marché. C’est justement le cœur 
méthodologique des travaux qui vont être présentés dans ce mémoire. 
Keywords: Hydrogen, fossil fuels, transportation mode, roadmaps, energy context, fuel cell 
electric vehicles. 
Acronyms  
ADEME Agency for Environment and Energy Management (Agence de l'environnement 
et de la maîtrise de l'énergie, ADEME) 
BEV Battery Electric Vehicle 
CaFCP California Fuel Cell Partnership 
CCS  Carbon Capture and Storage 
CCU Carbon Capture and Utilization 
CHP Combined Heat/Power  
FC Fuel Cell 
FCEV Fuel Cell Electric Vehicle 
FCHJU Fuel Cells and Hydrogen Joint Undertaking (Europe) 
GHG Greenhouse Gas 
HHV High Heating Value 
HRS Hydrogen Retail Station 
ICE Internal Combustion Engine 
IEA International Energy Agency 
LHV Low Heating Value 
MET Ministry of Economy, Trade and Industry (Japon) 
OPECT Parliamentary Office for the Evaluation of Scientific and Technological Options 
(Office Parlementaire d’Evaluation, des Choix Scientifiques et Technologiques) 
PHEV Plug-in Hybrid Electric Vehicle 
PtG Power to Gas 
PtH Power to Hydrogen 
PtM Power to Methane 
SMR Steam Methane Reforming 
SNG  Synthetic Natural Gas 
TPES Total Primary Energy Supply 
WtW Well-to-Wheel 
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1.1 INTRODUCTION 
The global demand for energy production and environmental concerns are among the most 
significant issues in the 21st century (Dincer and Acar, 2015). One of the biggest challenges is to 
meet growing energy demand in    an environmentally benign and sustainable manner, as 
highlighted in the Paris Climate Agreement, which aims to keep global average temperatures 
from rising by 2°C above preindustrial levels, and to pursue efforts to limit the temperature 
increase even further to 1.5°C (United Nations, 2015). 
Figure 1.1 shows the world fuel shares of total primary energy, electricity generation, and CO2 
emissions in 2015. According to the International Energy Agency (IEA, 2017a), ), in 2015, global 
total primary energy supply (TPES) was 13,649 Mtoe, electricity generation was 24.2 billion 
MWh, and final consumption was 9384 Mtoe. These numbers are expected to increase with 
continuing consumption and population increases. In 2050, according to (World Energy Scenarios, 
2013), global electricity generation is expected to increase to 53.6 billion MWh (scenario Jazz) and 
to 47.9 billion MWh by 2050 (scenario Symphony). More than 80% of the global energy supply 
come from fossil fuels (World Energy Council, 2013).  
The massive utilization of fossil fuels causes economic and technical issues because they derive 
from resources that are finite and unequally distributed across the globe. This, in turn, may 
create a dependency of some countries   on others, and thus generate tension. Another issue is 
that fossil fuel reserves are becoming less accessible as the easily accessible sources are 
consumed, so that an increase in the price of fossil fuels can be expected. In addition to the 
economic and technical issues, most of the emissions of human-caused (anthropogenic) 
greenhouse gases (GHG), mainly CO2 emissions, come primarily from burning fossil fuels (coal, 
hydrocarbon gas liquids, natural gas, and petroleum) for energy use. Figure 1.1 also shows that 
99% of global GHG emissions were caused by fossil fuels. If emissions follow a commonly used 
business-as-usual scenario, there is a 93% chance that global warming will exceed 4°C by the end 
of this century, as recently highlighted in (Brown and Caldeira, 2017).  
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FIGURE 1.1 WORLD FUEL SHARES OF A) TOTAL PRIMARY ENERGY SUPPLY, B) ELECTRICITY GENERATION, C) 
CO2 EMISSIONS IN 2015 AND D) WORLD TOTAL FINAL CONSUMPTION BY FUEL, ADAPTED FROM (IEA, 2017A) 
The development of clean energy solutions is, then, a key  prerequisite  to pave the way for the 
energy transition in which there is a switch from a system fuelled primarily by non-renewable, 
carbon-based energy sources to one fuelled by clean, low-carbon energy sources. Four main levers 
are available to decarbonize the energy system: improving energy efficiency, promoting renewable 
energy sources, switching to low- or zero-carbon energy carriers, and developing carbon capture 
and storage (CCS) as well as utilization (CCU).  
In that context, the concept of mitigating climate change by transitioning to an energy system 
with fewer greenhouse gas emissions, and more sustainable, even circular, consumption and 
production, is particularly attractive. 
For that, hydrogen, as a near zero-emission energy carrier if produced from renewable energy 
sources, is viewed as an attractive candidate to overcome the challenges surrounding the energy 
transition. Some of the advantages have been listed  in (Dincer and Acar, 2015): (i)  high  energy  
conversion efficiencies; (ii) production from water with no emission; (iii) abundance; (iv) different 
forms of storage (e.g., gaseous, liquid, or in together with metal hydrides); (v) long distance 
transportation; (vi) ease of conversion to other forms of energy; (vii) higher HHV (high heating 
value) and LHV (low heating value) than most of the conventional fossil fuels. 
This introductory chapter is devoted to exploring the potential of hydrogen to fulfil these 
objectives and to presenting the barriers that must be overcome. The remainder of this chapter is 
organized as follows. Section 1.2 is dedicated to the major roles that hydrogen is likely to play in 
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the economy, with a specific focus on decarbonization. The concepts of Power-to-Gas and hydrogen 
supply chains are then presented. The vision that is laid out is based on a systemic view of the 
potential of hydrogen in the energy system. Section 1.3 illustrates hydrogen supply chains for 
mobility purpose. Section 1.4 then presents the barriers that must be overcome and the roadmaps 
that have been reported for hydrogen deployment. They are often used by international 
organizations, businesses, and industry to address the challenges of hydrogen scaleup. This 
section also discusses transition plan scenarios. This chapter concludes that more precise 
analyses are necessary to design the hydrogen supply chain.  
1.2 MAJOR ROLES OF H2 IN ECONOMY 
1.2.1 DECARBONIZATION OF KEY SECTORS OF THE ECONOMY 
Hydrogen is likely to play a major role in decarbonizing key sectors of the economy. Seven actions 
have been identified in (Hydrogen Council, 2017a), as illustrated in Figure 1.2: 
 
FIGURE 1.2 ROLES OF HYDROGEN IN DECARBONIZING MAJOR SECTORS OF THE ECONOMY ADAPTED FROM 
(HYDROGEN COUNCIL, 2017A)  
• Favouring large-scale, efficient renewable energy integration. Hydrogen offers valuable 
advantages, as it avoids CO2 and particle emission if produced from renewables, can be 
deployed at large scale, and can be made available everywhere. Hydrogen can improve the 
efficiency and flexibility of an energy system in two ways: (1) the excess of electricity can 
be converted by electrolysis into hydrogen and be used in other sectors, such as transport, 
industry, and buildings; and (2) it can be used as a carbon-free storage medium as a way 
to store energy for long periods. Three modes   of storage can be considered for hydrogen, 
namely, as a compressed gas, as a liquid, or as solid absorbing metals (Florida Solar 
Energy Center, n.d.).  
• Energy distribution across sectors and regions. Some countries are not well positioned to 
generate energy with wind or solar power alone. For other countries, time may be 
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needed to raise the necessary investment. As hydrogen has a high energy density and 
can be easily transported, it can (re)distribute energy effectively and flexibly. Hydrogen 
may be transported as a pressurized gas or as a cryogenic liquid. Gaseous hydrogen can 
be transported by highly pressurized pipelines or by tube trailers. Liquefied hydrogen 
can be transported in tankers(Dagdougui, 2012). 
• Acting as a buffer to increase system resilience. Hydrogen can help align global energy 
storage with changing energy demand. Its physical characteristics make it well suited to 
serve as an energy buffer and strategic reserve. By 2030, 250–300 TWh of surplus 
renewable electricity are expected to be stored in the form of hydrogen for use in other 
segments (Hydrogen Council, 2017a). 
• Transport decarbonization. Nowadays, battery electric vehicles (BEV) are already used 
to reduce CO2 emissions. However, fully decarbonizing transport will require deployment 
of fuel cell electric vehicles (FCEVs), having the same performance as gasoline vehicles. 
FCEVs have several advantages: they actually zero emissions, have a good autonomy 
(500 km), and refuel quickly (from 3 to 5 min) (Ball and Weeda, 2015). Decarbonizing 
transport is particularly challenging because it represents a large share of total energy 
and more than 30% of hydrogen’s total CO2 abatement potential is expected in this sector 
(Hydrogen Council, 2017a).  
• Decarbonization of industry energy use. Fossil fuels are the most used energy sources for 
industrial processes. Hydrogen can be an alternative when it is available as a by-product 
of the chemical industry or when a specific industry needs an uninterruptable power 
supply.  As hydrogen can be burnt in hydrogen burners or be used in fuel cells, it offers a 
zero- emission alternative for heating. Nowadays, hydrogen is only used in industry for 
low-grade heat applications (process heating and drying), but is expected to be used with 
fuel cells in the future for not only low-grade,  but also high-grade heat needs (Hydrogen 
Council, 2017a).  
• Serve as feedstock using captured carbon. Hydrogen could be used to convert captured 
carbon into usable chemicals, such as methanol, methane, formic acid, or urea. This 
technology is still in the research phase, and it is expected to be developed in the next 
15 years. For example, in Iceland, geothermal CO2 is used to generate electricity to 
produce hydrogen and ethanol, by two thermophilic bacteria (Koskinen et al., 2008). By 
2030, 10–15 million tons of chemicals may be produced from such renewable feedstock 
(Hydrogen Council, 2017a). 
• Contribution to the decarbonization of building heating. Heat generation in buildings and 
industry accounts for more than half of global final energy consumption and a third of 
global energy-related carbon dioxide (CO2) emissions (Dodds et al., 2015; IEA, 2014). 
Hydrogen technologies, such as fuel cell micro CHPs (combined heat/power units), serve 
as energy converters. Possible roles for hydrogen and fuel cell products include the 
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substitution of hydrogen for natural gas in some processes, and the use of CHP 
technologies. For the purpose of illustration, about 190,000 buildings are already heated 
with hydrogen-based fuel cell micro CHPs, mainly in Japan.  
1.2.2 HYDROGEN SUPPLY CHAINS AND POWER-TO-GAS (PTG) / POWER-TO-HYDROGEN 
CONCEPT  
The hydrogen supply chain is a concept in the life cycle perspective, consisting of several echelons, 
including selection of energy source, hydrogen production, hydrogen transportation, hydrogen 
refuelling, and hydrogen utilization subsystems (see Figure 1.3). Of course, there is not a unique 
hydrogen supply chain. Even if there is clear evidence for the use of renewable sources, as already 
highlighted from an environmental viewpoint, the switch to a 100% renewable scheme can only be 
gradual, in order to satisfy both economic and environmental concerns as well as to take into 
account the availability of the energy source. Hydrogen can thus be produced using different 
energy sources (renewables or fossil fuels) and with different technologies (mainly steam methane 
reforming (SMR), electrolysis, and gasification) and distributed via pipelines or tube trailers. 
Figure 1.3 also embeds other options that may be encountered. 
The key roles of hydrogen in the future energy system emphasize the PtG concept, in particular 
the PtH one (brown dotted line in Figure 1.3).  PtG refers to the process in which electrical energy 
is converted into chemical energy via gas production. The main purpose is to store surplus 
electricity from fluctuating renewable sources by generating hydrogen (H2) via water electrolysis, 
with optional methane (CH4) synthesis from carbon dioxide (CO2) and H2 (methanation process, 
yellow dotted line). This “green hydrogen” produced by renewable resources without pollution 
allows for the storage, transportation, and reuse of the energy when needed.  
The production of synthetic methane (synthetic natural gas, SNG) results in lower total efficiency 
but could be advantageous in terms of feeding the produced energy carrier into the gas 
distribution grid. In contrast to the case of pure H2, the injection of SNG is not limited in amount. 
The SNG or H2 can be used not only in electricity production, but also in other applications, such 
as mobility via fuel cells or natural gas vehicles (Figure 1.3). 
A Power-to-Gas supply chain, as shown in Figure 1.3, is ultimately a network of integrated 
facilities, or nodes, that are interconnected and work together in a specific way. The network 
begins with primary energy sources and terminates with end uses. A supply chain is not unique, 
and one typical feature of a PtG supply chain, as a segment of a hydrogen supply  chain,  is the 
large number of configurations that can be encountered from energy sources, production, 
distribution, and storage to final uses.  
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FIGURE 1.3 POWER-TO-GAS SUPPLY CHAINS  
The conversion to hydrogen and methane makes the transport of renewable energy outside the 
power grid possible, also allowing large-scale, long-term storage. The chemical energy carriers can 
also be converted to electricity and a multitude of other pathways are possible, resulting in 
different efficiencies of the total system.  
As highlighted in (Lehner et al., 2014), hydrogen is the first possible end product of the Power-to-
Gas process chain. The efficiency of the conversion of methanation is reported to be 70%–85% in 
the case of the chemical path, and greater than 95% for the biological path (Grond et al., 2013). 
The main asset of SNG is its unrestricted compatibility with the natural gas grid. The so-called 
“repowering” of methane to electricity in combined cycle plants opens the possibility of producing 
electric power in areas far away from the renewable power sources, connected by an already 
existing gas grid. However, the efficiency of this option is the lowest of all possibilities (see Table 
1.1). 
Slightly better conversion efficiencies can be achieved by producing electricity from hydrogen. Gas 
turbines, fuel cells, or reverse fuels cells can be utilized for this purpose. The efficiency for PtG 
systems is increased with recovery of the released heat of the system, for example in district 
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heating or in industrial plants nearby (Table 1.1). The pressure level has a significant influence 
on the global efficiency.  
TABLE 1.1 EFFICIENCIES FOR DIFFERENT POWER-TO-GAS PROCESS CHAINS (STERNER ET AL., 2011) 
Path Efficiency Boundary conditions 
Electricity to gas    
Electricity → Hydrogen 54-72 Including compression to 200 bar 
(underground storage working 
pres.) Electricity → Methane (SNG) 49-64 
Electricity → Hydrogen 57-73 Including compression to 80 bar 
(feed in gas grid for 
transportation) Electricity → Methane (SNG) 50-64 
Electricity → Hydrogen 64-77 Without compression 
Electricity → Methane (SNG) 51-65 
Electricity to gas to electricity   
Electricity → Hydrogen → Electricity 34-44 Conversion to electricity: 60%,   
compression to 80 bar Electricity → Methane → Electricity 30-38 
Electricity to gas to combined heat and power (CHP) 
Electricity → Hydrogen → CHP 48-68 40% electricity and 45% heat, 
compression to 80 bar Electricity → Methane → CHP 43-54 
 
A thorough investigation of PtG systems is particularly interesting from a systemic viewpoint in 
the context of the energy transition and the different pathways should not be considered in 
isolation. Some recent investigations have highlighted that the  PtG  (Götz et al., 2016) might  
play  an important  role in the future energy system. However, technical and economic barriers 
must be solved and a critical aspect of the PtG process is the availability of CO2 sources. 
Concerning methanation, biological and thermochemical methanation processes have potential 
for integration into the PtG process chain. Biological methanation is a simple process that 
tolerates gas impurities but induces slower reaction times and has higher power requirements, 
leading to a lower process efficiency than for thermochemical methanation. Thermochemical 
methanation is attractive for its high reaction rates and the high temperature level of thermo- 
chemical methanation results in more options for process integration, yielding more efficient 
processes. Due to the higher process temperature and the result- ing higher reaction velocity, 
thermochemical methanation requires much lower reactor volumes for a certain feed gas flow 
than biochemical methanation. However, full CO2-conversion in a single step thermochemical 
methanation reactor cannot be achieved due to thermodynamic equilibrium limitations (Götz et 
al., 2014).  
In  this chapter, specific attention is given to hydrogen supply chains for  which many of the 
required technologies are already available today (Hydrogen Council, 2017a). 
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1.3  HYDROGEN SUPPLY CHAINS FOR MOBILITY PURPOSE 
Hydrogen infrastructure and technologies are seen as an important part of the future energy mix, 
due to their advantages in terms of CO2 reduction potentials in the transport sector, which has 
been shown to be one of the hardest to decarbonize (IEA, 2017a).  
1.3.1 ENVIRONMENTAL AND ENERGY BENEFIT 
Figure 1.4a presents GHG emissions in the European Union (EU) and shows that energy use is 
the main source of GHG. Among the various sectors, the energy industry (29%) and transport 
(21%) are the most polluting. It can be observed that the decrease in GHG emissions is mainly 
due to significant declines in the energy industry (-7%) and residential-tertiary (-15%) sectors 
(Institute for Climate Economics and Ministère de l’Environnement, de l’Énergie et de la Mer, 
2016).  
As GHG emissions are declining in the industrial sector, the transport sector remains as one of 
the challenges to be tackled. Hydrogen thus represents an interesting fuel alternative in the 
transportation sector because this sector contributes approximately 836 Mt. CO2 eq emissions in 
Europe and 14 Mt. CO2 in France (Figure 1.4b), and technologies related to FCVs are being 
developed rapidly (Institute for Climate Economics and Ministère de l’Environnement, de 
l’Énergie et de la Mer, 2016).  
   
FIGURE 1.4 GREENHOUSE GAS EMISSIONS BY SECTOR IN A) EUROPE AND IN B) FRANCE IN 2014 ADAPTED 
FROM (INSTITUTE FOR CLIMATE ECONOMICS AND MINISTÈRE DE L’ENVIRONNEMENT, DE L’ÉNERGIE ET DE LA 
MER, 2016)   
In France, as in most countries worldwide, there is a dependency on fossil fuels. Figure 1.4b 
shows the contribution of GHG emissions by sector. The transport sector contributes significantly 
so that special attention must be paid to it. To more effectively reduce pollution, the 
transportation sector requires the development of both new vehicular  technologies  and  new  
fuels (Cipriani et al., 2014). Hydrogen, which can be used in vehicles equipped with the 
technology for converting hydrogen into electricity, is thus particularly attractive because the 
carbon emissions of FCEVs are very low when the whole life-cycle is considered. Even if hydrogen 
is entirely produced from natural gas through steam methane reforming (SMR) without the use of 
carbon capture, FCEV emissions are 20%–30% lower than those of ICEs. In total, an FCEV 
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powered by green or clean hydrogen in our example could achieve combined CO2 emissions of 60–
70 g per km (Figure 1.5)  (Hydrogen Council, 2017b). 
  
FIGURE 1.5 CO2 EMISSIONS FOR THE ICE, FCEV AND BEV VEHICLES, ADAPTED FROM (HYDROGEN COUNCIL, 
2017B) 
Local air emissions, responsible for particulate matter, ozone, and acid rain, as well as noise, 
could be significantly reduced by the introduction of hydrogen fuel cell vehicles. Emissions of NOx, 
SO2, and particulates can be reduced by 70%–80% compared to a case without hydrogen (Ball and 
Wietschel, 2009). Due to the growing number of megacities worldwide, the importance of improving 
urban air quality is of major importance. According to (Mobilité Hydrogène France, 2016), the 
societal cost savings are about 500 M€ over the 2015-30 period; in particular, the societal cost of 
the CO2 emissions, noise, and pollutants evaluated for an ICE (internal combustion engine) 
vehicle, which came to 510 € per year, is reduced to 160 € for an FCEV.   
These elements contribute to make hydrogen an accepted clean energy carrier worldwide, because 
it is source independent and has a very high energy content per mass compared to petroleum or the 
actual fuels (120 MJ/kg versus 46 MJ/kg, respectively) (Dutta, 2014). Also, liquid hydrogen 
possesses a very low density of 0.07 g/cm3, one-tenth that of gasoline. These properties provide 
some advantages and disadvantages. On the one hand, an advantage is that hydrogen stores 
around twice the energy of gasoline/diesel, being energetically more efficient than gasoline. On the 
other hand, it requires a storage volume four times greater than gasoline (Sharma and Ghoshal, 
2015). 
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(Ball and Weeda, 2015) developed a study describing the process and use of hydrogen in 
transportation. Currently, in order to achieve a deep decarbonization of road transport, three 
options exist: 
• Battery electric vehicles (BEV), using electricity as fuel; 
• Fuel cell electric vehicles (FCEV), using hydrogen as fuel; and 
• Plug-in hybrid electric vehicles (PHEV), combining a battery system with a fuel cell 
system. 
Nowadays, approximately 500,000 electric vehicles (PHEVs and BEVs) are used globally (mainly 
in the United States, Europe, and China), and in the coming years, most of these vehicles will come 
from China (Ball and Weeda, 2015). 
The main advantage of this kind of vehicle is that the distribution infrastructure of the energy 
source or fuel (the electric energy) is available, and thus, automatically, the costs are reduced in 
comparison with alternatives that are in the development phase.  
The market for hydrogen is expected to increase in the future. In France, the demand for 2030 is 
expected to reach 90,000 t of hydrogen, versus only 3,000 t in 2016 (Figure 1.6). Obviously, 
electricity demand will also increase, reaching 3 TWh in 2030. In the transport sector, almost 
800,000 FCEVs are expected to be found in 2030, requiring the installation of 600 hydrogen 
refuelling stations (HRS) to satisfy the automotive demand. This situation contrasts with the cur- 
rent one, with only 23,000 FCV and 96 HRS to cover vehicle refuelling needs. 
 
 
FIGURE 1.6 FCEV MARKET EVOLUTION IN FRANCE, ADAPTED FROM (MOBILITÉ HYDROGÈNE FRANCE, 2016) 
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1.3.2 HYDROGEN FCEV 
Hydrogen appears as one of the principal alternative to the future road transport (Ball and 
Weeda, 2015): 
• FCEVs using hydrogen as fuel is a real zero-emission vehicle, and in the last years, the 
efficiency of hydrogen has increased (50%-60%).   
• As FCEVs are basically electric vehicles, they combine the benefits of an electric driving 
(silence and smoothness) with the power of using hydrogen as a fuel (autonomy of 500 km 
and 3-5 minutes of refuelling time). Their autonomy is two or three times an electric car 
(Bettayeb, 2017). 
• Because of more favourable energy density characteristics compared to batteries, 
hydrogen and fuels cells are better suited to electrify a wide range of road vehicles, 
ranging from small cars to buses and light duty trucks. 
• Hydrogen can be produced from many different energy sources, from CO2-free and 
renewable energy sources (wind, water, sun, etc.) to fossil fuels (natural gas, coal). 
Clearly, the use of renewable energy sources is the priority in order to make the hydrogen 
a real and total CO2-free fuel. 
Figure 1.7 presents FCEV vehicles that are available in the market, with the emblematic Toyota 
Mirai. In the United States, a Toyota Mirai is available for sale at $57,500 USD and for lease at 
$349/month (IEA, 2017b) 
 
FIGURE 1.7 FCEV VEHICLES (IEA, 2017B) 
Fuel cells (with a capacity of 10–30 L) are composed of an electrode sandwiched between two 
electrodes (anode and cathode), as seen in Figure 1.8. The bipolar plates at the extreme sides of 
the cell help to distribute and collect    the gases. Then, hydrogen flows through the labels to the 
anode, where the hydrogen molecules are separated into protons and electrons. The electrons 
follow a circuit until the cathode (they are electricity ready to be used). The oxygen gas, obtained 
from the air, flows to the cathode. After the electrons are used and return, they react with oxygen 
and the hydrogen protons at the cathode and form water that is released from the fuel cell (DOE 
Hydrogen Program, 2006). 
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FIGURE 1.8 A SINGLE FUEL CELL, ADAPTED FROM (DOE HYDROGEN PROGRAM, 2006)  
1.3.3 HYDROGEN SAFETY 
Hydrogen is a flammable gas with a wide flammability range (4%–75% by volume) and relatively 
low ignition energy (0.02 mJ) (McCarty et al., 1981). It has a very low density and therefore must 
be stored at high pressure to achieve enough mass for practical use. The ease of ignition and high 
storage pressure of hydrogen are responsible for a large portion of the risk associated with 
hydrogen usage.  
Hydrogen also has the ability to attack—and damage to the point of leakage—certain materials 
that are used for the construction of storage containers, piping, valves, etc., referred to as 
hydrogen embrittlement (Cramer and Covino, 2003).  
To ensure the safe use of hydrogen, leakage must be prevented, because hydrogen is flammable 
and explosive, and any “confined” situation can be dangerous, requiring the use of appropriate 
safety devices1 (fans, sensors, etc.).  A good knowledge of these dangers and their consequences is 
needed in order to implement safe designs for systems using hydrogen. Besides, hydrogen is 
nontoxic and is very volatile. 
The low density and high diffusion coefficient of hydrogen are safer than other fuels. Generally, 
wider ignition limits, lower energies, and lower temperatures for ignition make a fuel less safe, as 
they increase the beginning and extent of fire. One of the most important safety parameters is the 
autoignition temperature, that means, the temperature at which the material will ignite without 
any external ignition source. As seen in Table 1.2, hydrogen has the highest autoignition 
temperature, and this is a positive safety characteristic among various fuels. 
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A fuel is considered to be less safe if it possesses higher flame temperature, explosion energy, and 
flame emissivity, because its fire would be more damaging. When comparing hydrogen, gasoline, 
and methane, hydrogen turns out to be the safest fuel with a safety factor of 1, compared with 0.8 
and 0.53 for methane and gasoline, respectively (Sharma and Ghoshal, 2015). 
Hydrogen is nontoxic, yet extremely flammable. However, the flame temperature is almost the 
same as the others fuels, and its fire lasts 0.1–0.2 times that of a hydrocarbon consuming fire 
with the same volume, and the inhalation of its smoke is harmless (Mazloomi and Gomes, 2012).  
Because of its nontoxicity, a hydrogen leak cannot cause environmental damage, and cannot be 
detected by simple smell. 
TABLE 1.2 AUTO IGNITION TEMPERATURE OF COMPARABLE FUELS (MAZLOOMI AND GOMES, 2012)  
Fuel 
Auto-ignition temperature 
(°C) 
Hydrogen 585 
Methane 540 
Propane 490 
Butane 405 
Methanol 358 
Gasoline 246-280 
Diesel 210 
 
In 1990, the International Standard Organization (ISO) established a technical committee to 
develop standards in the field of production, storage, transport, and various applications of 
hydrogen as, for example, the European Integrated Hydrogen Project (EIHP), which makes 
proposals for the regulation of FCEVs and hydrogen activities (Devillers et al., 2000). Another 
project con- cerned with safety issues on a technical level is the European Network of Excellence, 
HySafe (“HySafe - Safety of Hydrogen as an Energy Carrier,” 2007). Placing hydrogen at public 
fuelling stations and using it in vehicles has created a need for new safety requirements. 
Hydrogen storage is regarded as one of the most critical issues that must be solved before a 
technically and economically viable hydrogen infrastructure can be implemented. In fact, without 
effective storage systems, a hydrogen economy will be difficult to achieve (Dagdougui, 2012).  
1.4 DEPLOYMENT STRATEGIES OF HYDROGEN SUPPLY CHAIN  
Many of the required technologies are already available today and a current challenge is to deploy 
hydrogen infrastructure and scale up manufacturing capacities so as to achieve competitive cost 
and mass market acceptance. The hydrogen contribution to the energy transition has accelerated 
over the last years, following the phases of precommercialization in all sectors. Several 
improvements along the entire value chain of hydrogen need yet to be made, mainly in the field of 
cost and performance (Figure 1.9) (Hydrogen Council, 2017a). 
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FIGURE 1.9 EXAMPLES OF HYDROGEN TECHNOLOGIES IN THE CONTINUOUS IMPROVEMENTS ALONG THE 
ENTIRE VALUE CHAIN, ADAPTED FROM (HYDROGEN COUNCIL, 2017A) 
1.4.1 BARRIERS TO BE OVERCOME FOR HYDROGEN SUPPLY CHAIN DEPLOYMENT 
A key point in the development of hydrogen supply chains is the demonstration of the feasibility of 
the infrastructure while economic and social obstacles must be overcome. 
1.4.1.1 ECONOMIC BARRIERS 
Economic obstacles include the cost of FCs and of hydrogen and the lack of cash flow and of a supply 
base during the first phase of deployment. The main institutional hurdles are difficulties of policy 
and regulatory frameworks for disruptive technologies moving from demonstration to large-scale 
deployment across the “valley of death” (Figure 1.10). Societal barriers include insufficient 
coverage of FCs and hydrogen technologies (Cantuarias-Villessuzanne et al., 2016; Creti et al., 
2015) such as the lack of recognition of hydrogen and its benefits in the energy transition, the 
absence of mechanisms to mitigate and share the long-term risks of the initial investments, a lack 
of coordinated action across stakeholders, a lack of fair economic treatment of a developing 
technology, and limited technology standards to drive economies of scale (Hydrogen Council, 
2017a).  
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FIGURE 1.10 VALLEY OF DEATH IN HYDROGEN DEPLOYMENT FROM (IEA, 2015) 
As highlighted in many investigations, the deployment of the hydrogen infrastructure is expected 
to be gradual. The main problem lies in its chicken-and-egg dilemma. Without a convenient 
hydrogen refuelling infrastructure, there is a lack of interest in buying FCEVs, and the car 
manufacturers are not motivated to produce these vehicles. If there are no options for FCEVs to 
create a demand and market conditions, there is no interest in building a network of hydrogen 
refuelling stations (HRS) (Ball et al., 2015). For that to occur, both sides of the network must be 
developed simultaneously and gradually. During the first decade of developing a hydrogen supply 
infrastructure for mobility, the costs are highest, exceeding 10 €/kg, mainly caused by the low 
rate of utilization of the HRS and the small number of FCEVs on the road. Over time, hydrogen 
costs are expected to fall. In the next 5 years, in the early commercial phase, the number of HRS 
and FCEVs is expected to increase, reducing the delivery cost to 7–9 €/kg, thus making hydrogen 
competitive with fossil fuels for the first time. With the arrival of the commercial phase, with a 
mature market, a well- developed HRS network and the current use of FCEVs, the hydrogen cost 
is expected to be in the range 4–5 €/kg. In fact, in 2030, 800,000 FCEVs (including large, mid-size 
and light commercial vehicles), 600 HRS and a demand of 90,000 t of hydrogen are expected to be 
reached in France, versus only 45  FCEVs,  96  HRS  and  a  hydrogen  demand  of  6 t  in  2022  
(Mobilité Hydrogène France, 2016). 
Risk mitigation hinges upon close collaboration among many stakeholders involved in the 
hydrogen supply chain, such as the different actors directly involved in the various echelons of the 
supply chain, power grid providers, car manufacturers, as well as local, regional, and national 
authorities.  
1.4.1.2 BARRIERS RELATED TO SOCIAL ACCEPTANCE AND SAFETY 
Effective public education will be necessary to achieve the widespread social acceptance of 
hydrogen technologies. Yet, as aforementioned, H2 is commonly used in industry and is actually 
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no more dangerous than other flammable fuels, such as gasoline and natural gas. Nevertheless, 
under specific conditions, hydrogen can behave dangerously. The burning or explosion of 
hydrogen causes most fatal accidents, so that the development of hydrogen infrastructure requires  
stringent  safety  considerations (Kim and Moon, 2008),(Hake et al., 2006). 
In the transition to a hydrogen economy, the public perception of safety is a critical issue. 
Although the public view on hydrogen is in general positive, an early large accident could change 
this perception quickly.  
Convincing the consumer that FCEVs are safe will be one of the major tasks during the early 
market introduction phase. International hydrogen technology- related training programs are the 
core of the European HySafe project that will be further developed (IEA, 2017b).  
The social perception of the use of hydrogen in the FCEV has been investigated in (Bellaby et al., 
2016). This research combines a quota sampling survey of 1003 adults across three disparate 
“travel-to-work areas” in England with representative focus groups. According to this study, 
“participants highlighted the benefits in hydrogen energy, not presenting any issues for its safety, 
discussing their risks, although the costs were considered a problem.”  
The study AIDHY/CEA (Le Duigou, 2010) conducted in  2010  was  a decision support for the 
identification of societal changes brought by new hydrogen technologies. It analysed the 
acceptability among users and experts. According to this presentation, the public was not worried 
by safety issues surrounding the use of hydrogen. Potentially 77% of people said they would be 
interested in this fuel, and strong acceptance appeared in highly urban areas. 
The organization of public debates is also of tremendous importance (e.g., BEV vs. FCEV); one of 
the challenges is to demonstrate that they are part of a long-term vision. In France, the National 
Debate for the Energy Transition (“Débat national sur la transition énergétique,” 2013) allows for 
the discussion of some issues. How can France move toward energy efficiency and energy 
conservation? How to achieve the energy mix targets? Which renewable energies should France 
rely on? These issues have been discussed by civil society and experts.  The  Regional  Innovation  
Agency  MPI  (Midi-Pyre´ne´es  Innovation) organized this debate on June 3, 2013 in Toulouse, 
treating the “hydrogen fuel” topic based on the results obtained in a case study of the Midi-
Pyre´ne´es region (De León Almaraz, 2014). 
Communication efforts will always be important in the transition phase, because each 
stakeholder has its own “language” and a large quantity of analysis about potential scenarios 
regarding the H2 economy is mandatory. 
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1.4.2 INITIATIVES FOR INFRASTRUCTURE DEVELOPMENT AND ROADMAPS 
Hydrogen supply chains have been the subject of various roadmaps and scenarios that have been 
developed at regional, national, and multinational levels. These roadmaps identify the steps 
needed to accelerate the implementation   of radical technology changes, in order to help enable 
governments, industry, and financial partners to make the right choices (De León Almaraz, 2014). 
Their main objective is to evaluate some industrial, technological, environmental, and social issues 
and to identify the main obstacles associated with the hydrogen economy. They all agree that a 
key point in the development of the hydrogen supply chain is the demonstration of the feasibility 
of its infrastructure, though many technical, economic, and social obstacles must be overcome 
(Hydrogen Council, 2017b; IEA, 2017b).  
This assessment agrees with the observation made from a literature review of recent scientific 
publications that emphasizes the need to develop systemic studies in order to demonstrate the 
feasibility of the sector and to validate the technical and economic interest in the production and 
recovery of hydrogen produced from renewable sources. The use of hydrogen for transport 
applications has generated the most interest and, subsequently, has been studied more exten 
sively than stationary applications. Very few of the national roadmaps and hydrogen scenarios 
reviewed here consider both of these applications.  
A factual and well-documental report entitled “A portfolio of power-trains for Europe: a fact-based 
analysis” (McKinsey & Company, 2010) provided a comparison of four different power-trains – 
BEVs, FCEVs, PHEVs and ICEs – on economics, sustainability, and performance across the 
entire supply chain (Wheel to Wheel, WtW) between 2010 and 2050, based on confidential and 
proprietary industry data. Various scenarios with different potential hydrogen demand behaviours 
(three scenarios: 5%, 25%, and 50% in 2050) were built. The study was conducted at a continental 
level. This study considered the interconnection with many stakeholders of the HSC, including 
vehicle producers (BMW AG, Daimler AG, Ford, General Motors LLC, Honda R&D, Hyundai 
Motor Company, Kia Motors Corporation, Nissan, Renault, and Toyota Motor Corporation) and 
industrial gas companies (Linde and Air Liquide). From 2010 to 2020, all cost and performance 
projections are based on proprietary industry data and on projected learning and annual 
improvement rates after 2020.  
Some significant initiatives undertaken at the worldwide, European, and national levels are 
discussed below, although the list is not exhaustive. 
1.4.2.1 WORLDWIDE LEVEL 
The Technology Roadmap “Hydrogen and Fuel Cells,” developed by the IEA, 2015 has as its 
purpose to lay out the potential of hydrogen and its limitations in different energy sectors, aiming 
to provide extensive information about the function and cost of hydrogen technologies, to identify 
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the sectors in which hydrogen can offer the maximum added value, and also the actions required  
to deploy hydrogen technologies (IEA, 2015). 
According to the different scenarios that have been evaluated, the adoption of renewable 
hydrogen, as opposed to fossil-derived hydrogen (with or without CCS), strongly depends on its 
economic competitiveness. The relationships between natural gas price, electricity price, annual 
full-load hours, carbon price, and the resulting cost of hydrogen have been studied in depth. Even 
under optimistic assumptions with regard to the techno-economic parameters of the electrolyser, 
electrolytic hydrogen remains more expensive than hydrogen from natural gas reforming, unless 
very low-cost renewable electricity is available and carbon or natural gas prices are high.  
1.4.2.2 EUROPEAN LEVEL 
In the HyWays project (2007-08), over 50 member-state (MS) workshops were conducted with key 
stakeholders. The HyWays project combines technology databases and socio-techno-economic 
analyses to evaluate selected stakeholder scenarios for future sustainable hydrogen energy 
systems. In this project, market scenarios for hydrogen end-use applications were also developed. 
Each country outlined its own preferences (Finland, France, Germany, Greece, Italy, the 
Netherlands, Norway, Poland, Spain, and the United Kingdom). The HyWays project differs from 
other road mapping exercises because it integrates stakeholder preferences, obtained from 
multiple member state workshops, with extensive modelling in an iterative way. The stakeholder 
validation process, which takes into account country specific conditions, is a key element of the 
road mapping process. In Europe, the prospect of the hydrogen economy plays a major role, 
especially because of the aggregation of many countries that have various specific institutions, 
opportunities, conditions, and territorial and socio-economic barriers (Dagdougui, 2012). Another 
well-known roadmap is H2 Mobility (2010), which outlines a plan to introduce the use of FCEVs in 
Europe, starting in Germany and the United Kingdom (Williamson, 2010) with others following 
in 2013. In this program, the main car manufacturers and gas producers are involved.  
Hydrogen Mobility Europe 2 (H2ME 2) is a six-year project that runs to the end of June 2022, and 
which brings together 37 partners from eight European countries. It includes the deployment and 
operation of 1230 FCEVs and the addition of 20 new hydrogen refuelling stations (HRS), and it 
will test the ability of electrolysers to simultaneously feed hydrogen stations and help balance  the 
electrical grid (“H2ME 2 launched in Europe to grow hydrogen fuelling infrastructure network 
and vehicle fleet,” 2016).  
The HYRREG project, founded by the Program of Cooperation of Southwest Europe (SUDOE) has 
the objective of developing a platform to generate hydrogen-related programs and a roadmap 
between the countries of the southeast of Europe, namely, France, Portugal and Spain. The 
HYRREG roadmap, mainly based on a qualitative analysis, is focused on stakeholder preferences 
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and region-specific conditions, highlighting the importance of hydrogen in the transport sector 
and its production from renewable sources. 
1.4.2.3 SOME NATIONAL LEVELS 
Iceland can be identified as the first hydrogen economy in the world. The Icelandic New Energy is 
a partnership that was established between the Icelandic government, Shell, Norsk Hydro, Ford, 
and the University of Reykjavik. It was a pioneering initiative to create the first hydrogen economy 
in the world by 2040 (Dunn, 2000). The project aims to promote energy independence by exploiting 
the vast renewable resources of the island, such as geothermal and hydropower (Dutta, 2014). In 
2003, the country inaugurated the first hydrogen station in the world to supply the three hydrogen 
buses that ran through the ECTOS program until the end of 2006. In 2007, a new demonstration  
phase began with 13 SMART-H2 model cars and boats (Bento, 2010). 
With very few natural resources, Japan has been a pioneer in investment in hydrogen. The 
world’s largest national hydrogen program (WE-NET) was established in 2003 in Japan with 
market penetration targets on FCVs and hydrogen energy. More recently, the Ministry of 
Economy, Trade, and Industry (METI) in Japan established in 2014 the Strategic Road Map for 
Hydrogen and Fuel Cells in order to formulate a Roadmap toward the implementation of a 
“hydrogen society” (Agency for Natural Resources and Energy, 2014). The METI proposed three 
phases to achieve this goal: first, the expansion of the scope of application for fuel cell technology, 
such as fuel cells for households and for vehicles, scheduled to begin in 2014; second, the 
development of a system for supplying the hydrogen using energy resources imported from other 
countries, while introducing hydrogen power generation with a time frame in the late 2020s; 
third, establishment of a carbon-dioxide-free hydrogen supply system using renewable and other 
energy around 2040. 
In Germany, the National Innovation Program for Hydrogen and Fuel Cell Technology NIP (2006-
16) has contributed significantly to fostering the market development of hydrogen technology. It 
was founded in 2006 as a joint effort of German policymakers, industry leaders, and the research 
community. Germany covers the length of the supply chain with 20 manufacturers and 12 
distributors of fuel cells and components. 
Various studies have been conducted to estimate the development of a hydrogen economy in the 
United States and its implications in terms of emissions as well as infrastructure requirements. 
The US Department of Energy (DOE) has developed a hydrogen program in cooperation with 
industry, national laboratories, universities, and government agencies since 1980 (Bento, 2010; 
Patay, 2008). 
One of the most famous H2 plans can be found in California. Since 1999 demonstration projects 
have been managed by the California Fuel Cell Partnership (CaFCP). This partnership was 
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established between Ballard Power Systems, Daimler Chrysler, Ford Motor Company, Shell 
Hydrogen, and Chevron (formerly ARCO), and the California agencies (California Air Resources 
Board and California Energy Commission). Its mission is to facilitate the commercialization of 
fuel cells for transportation. The CaFCP has supported the establishment of stations and had 
experience with more than 170 hydrogen vehicles. Stations are normally financed by the state 
government (Bento, 2010). More recently, two programs, the California Fuel Cell Partnership and 
the California Energy Commission and Air Resources Board are in effect. The former is a 
roadmap for fuel cell vehicles and hydrogen stations and the latter is a program of incentives for 
vehicles and fuelling infrastructure from state agencies. 
In France, HyFrance3 is a project to support the HyWays project. This project was launched to 
focus on the competitiveness of different steps of the hydrogen chain, from production to end use, 
with a time horizon of 2030 (Le Duigou et al., 2013). The roadmap describes and analyses the 
French hydrogen industrial markets, including different scenarios. The infrastructure to 
distribute hydrogen in France for automotive applications up to 2050 is also studied, taking into 
account hydrogen storage to balance the supply and demand characteristics.  
The “Office Parlementaire d’Evaluation des Choix Scientifiques et Technologiques” (OPECT) in 
France has also presented a roadmap to implement a national hydrogen network, promoting the 
use of FCEV via tax elimination (AFHYPAC, 2012). 
The French Association for Hydrogen and Fuel Cells (Association Francaise pour l’Hydrogène et 
les Piles à Combustible: AFHYPAC) started a French study on H2 power and mobility in May 
2013. “Mobilité Hydrogène France” is a consortium of private and public stakeholders formed by 
the French Association for Hydrogen and Fuel Cells (AFHYPAC). The consortium spans the 
gamut from energy companies to end customers. 
A first analysis of market segments highlighted the role of clusters of captive fleets. Under the 
2015 FCH-JU call, the deployment started in 2015 with 10 hydrogen stations and a first wave of 
fuel cell vehicles. The consortium members continue to develop the next phase of the rollout 
strategy for hydrogen mobility in France, to support the introduction of fuel cell passenger cars for 
fleets and private citizens. 
A Hydrogen Territory initiative was launched in France in 2016, which aims to demonstrate, on 
the scale of a particular territory, the technical and economic feasibility as well as the 
environmental benefits of deploying hydrogen in energy networks or local energy applications. 
The Occitania region has been awarded the metaproject HyPort, which combines advanced 
innovation in hydrogen fuel cell applications for aeronautics, green hydrogen production, and H2 
mobility deployment for the Toulouse International Airport, Tarbes- Lourdes-Pyrénées regional 
airport, and the vast urban, rural, and tourist perimeters connected to them. 
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Table 1.3 summarizes some roadmaps. The advantage of these plan scenarios is the potential to 
use the information generated in other scenarios, and also the demonstration of the potential of 
hydrogen in automobile applications.  
TABLE 1.3 ROADMAPS PLAN SCENARIOS 
Roadmap Scale Year Description 
IEA 
Worldwide 
2017 
Evaluation of some industrial, technological, 
environmental and social issues and identification of the 
main obstacles associated to the hydrogen economy. 
Hydrogen Council 
IEA Hydrogen Technology 
Roadmap 2015 
 
This roadmap details the steps governments, industry and 
researchers need to take to foster and track deployment of 
hydrogen technology. 
The Technology Roadmap. 
Hydrogen and Fuel Cells 
Laying out of hydrogen potential and limitations in 
different energy sectors. 
H2ME Europe 2016 
Largest EU-funded project for hydrogen mobility and 
FCEV deployment.  
Integrated in Mobility Europe project (now call H2ME 1). 
Involves Germany, Scandinavia, France and the UK 
Plans for 300 FCEVs and 29 hydrogen refuelling stations 
in 2020 and the operation of 1230 FCEVs and 20 more 
HRS in 2022. 
HYRREG 
France, Portugal and 
Spain 
2013 
Development of a platform to generate hydrogen-related 
programs and a roadmap between the countries of the 
southeast of Europe through the HyFrance3, HiPo and 
EDEN projects. 
HyWays 
Finland, France, 
Germany, Greece, Italy, 
Netherlands, Norway, 
Poland, Spain and the 
United Kingdom 
2008 
Compilation of all pivotal technological and socio-economic 
aspects related to a future hydrogen infrastructure, 
providing a number of scenarios under different 
assumptions. Some market scenarios for hydrogen end-
use applications are developed (Finland, France, 
Germany, Greece, Italy, the Netherlands, Norway, 
Poland, Spain and the United Kingdom). 
Australian National Hydrogen 
Study 
Australia 2003 
Assessment of the necessary steps to make use of 
hydrogen to meet its future energy requirements. 
Three potential uses were tackled: road transport, 
portable electrical appliances and generation. Three 
scenarios based on the demand (low, medium and high) 
are described within the timeline 2020-2050. 
Joint Research Centre Ispra of 
the European Communities and 
the Government of Quebec 
Canada 2002 
The idea of this project is to provide renewable primary 
energy from the already available hydroelectricity in 
Quebec for hydrogen production via electrolysis. Hydrogen 
will be shipped to Europe to be stored and used in 
different applications (Momirlan and Veziroglu, 2002). 
H2 Mobilité France 
France 
2016 
Creation of hydrogen clusters that could provide 
nationwide coverage by 2030. 
HyFrance3 2013 
Description and assessment of the French hydrogen 
industrial markets, including different scenarios. 
OPECTS 2012 
Propose the hydrogen is to be tax-free for a transition 
period, excepting the hydrogen produce from fossil fuels. 
Roadmap on hydrogen energy 
(Ademe) 
2011 
Four scenarios for the hydrogen energy in 2050, in which 
each one represents specific infrastructures and 
interactions with other energy industries 
National Innovation 
Programme for Hydrogen and 
Fuel Cell Technology NIP 
(2006-2016) 
Germany 2017 
Three objectives are involved (1) Secure Germany's 
position as a technology leader in hydrogen and fuel cells 
(2) Accelerate the development of the hydrogen and fuel 
cell markets (3) Strengthen the industry along the whole 
hydrogen and fuel cell value chain.  
Icelandic New Energy Ltd. Iceland 1999 
Development of feasibility studies to produce hydrogen 
locally from hydro and geothermal power. 
National Hydrogen Energy 
Roadmap 
India 2014 
Production of hydrogen through biological, biomass routes, 
using renewables sources (Dutta, 2014). 
METI Japan 2014 
Establishment of a carbon-dioxide-free hydrogen supply 
system using renewable and other energy in different 
steps until 2040. 
California Fuel Cell 
Partnership 
United States 2012 
Implementation of FCEV to California, concluding that 
the refuelling stations must precede the vehicles, must 
have free access and must be easy to use. 
 
 
 
 
 
Multi-objective optimization strategies for hydrogen supply chains: application to design and deployment 
34 
1.4.3 IMPLEMENTATION STEPS   
Transition plan scenarios can be taken as an important basis for more precise studies in which 
the different potential activities of the network can be measured and analysed to design the 
hydrogen supply chain. 
The different roadmaps and transition plan scenarios that already exist and that have been 
presented constitute necessary information and can be considered as the starting point to launch 
more detailed analyses. They highlight general targets as well as coordination and communication 
efforts from which valuable information is shared. The principal limitations of these macro studies 
are the difficulty in generating specific results on the location, size, and number of production, 
storage, or transport units, and also the lack of interconnection between the different objectives. 
Their main advantage is that they provide valuable information that can be used to implement 
scenarios of interest, thus demonstrating or not the potential of hydrogen infrastructure.  
According to these roadmaps, hydrogen demand for road transport is assumed to be a major 
parameter and likely to grow in three phases according to Energy Trends 2030 scenario (Ozkan, 
2009): 
• Infrastructure phase I: the demonstration phase during which a few large-scale first user 
centres are situated across Europe.  
• Infrastructure phase II: the early commercialisation phase with 3-6 user centres per 
country, possibly including a network of transit roads connecting these centres.  
• Infrastructure phase III: the full commercialisation phase, which encompasses existing 
user centres as well as newly developed regions and a dense, long-distance road network 
Phase III is assumed to develop in three sub-phases. 
These large-scale deployment initiatives must be supported by long-term policy frameworks in 
countries that are early adopters. These deployment initiatives should use current activities as a 
platform to scale their successes up to a national level (Hydrogen Council, 2017b). 
A common assumption in all roadmaps is that hydrogen use will take off in densely populated 
urban areas at first and then gradually will expand outwards through so-called « hydrogen 
corridors ». For the sake of illustration, the Hydrogen Corridor between Spain, France, and 
Andorra (H2PiyR Initiative) aims to develop a cross-border corridor of refuelling stations for 
hydrogen vehicles connecting Spain (Catalonia and Aragon), France, and Andorra with central 
and northern Europe, where the deployment of infrastructure with this type of mobility is more 
advanced, through the installation of 10 hydro generators (ABC.es, 2017). The corridor will 
include the Spanish cities of Zaragoza, Huesca, Fraga and Tarragona, as well as Andorra (city) 
and Pamiers (France). They will join the already existing stations in Huesca and Zaragoza, and 
the French ones in Rodez and Albi (“Afhypac - Newsletter Hynovations - #62 -,” 2016). The project 
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includes 16 FCVs (Fuel Cell Vehicles) (6 passenger cars, 8 commercial vehicles, and 2 buses)  
(“L’hydrogène, de Rodez à Sarragosse,” 2016).  
Some studies assume that hydrogen can also be used for stationary applications between the 
commercialization and mass use phases. 
 
FIGURE 1.11 CAPTIVE FLEET APPROACH: A 3 PHASE NATIONAL ROLL-OUT (MOBILITÉ HYDROGÈNE FRANCE, 
2016) 
The economic viability of hydrogen mobility from an infrastructure or retail operator’s perspective 
can be helped with a fast rollout of FCEVs. The introduction of hydrogen-fuelled captive fleets 
could further help hydrogen development (Ball et al., 2015). A captive fleet can be defined as a 
fleet of vehicles with predictable driving and refuelling patterns that make regular visits to a 
parking lot or depot. A cluster is based on multiple fleets of customers in a defined area (Mobilité 
Hydrogène France, 2016). At least one HRS must be founded in each cluster. The development via 
clusters maximizes the utilization of the HSR installed. The next steps in the development of the 
hydrogen infrastructure consist of analysing consumer behaviour and developing a widespread 
network for passenger car drivers (Figure 1.11). 
Post offices in Audincourt (Doubs) and Périgny (Jura) in France have distributed letters since 
2013 by small FCVs (Figure 1.12), developed under the auspices of the project MobyPost 
(Bettayeb, 2017). 
 
FIGURE 1.12 FCV USED BY THE POST OFFICES 
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A total of 50 FCVs (in 2017) have been sold to different companies under the framework of the 
Hyway project. The end of phase 1 consists in building two hydrogen refuelling stations (in 
Grenoble and Lyon). For the second phase, the objective is to produce “green” hydrogen, from 
renewable energy (solar, wind). The projects in Corsica with the Myrte platform (Mission 
renewable hydrogen for the integration to the electrical) and Jupiter 1000 in Fos-sur-Mer are 
perfect examples of this second stage (“HyWay,” 2017). 
1.5 CONCLUSIONS 
This chapter aims to shed some light on the challenges and opportunities that lie ahead for the 
development of hydrogen energy policies and for the deployment of hydrogen infrastructure. 
Hydrogen produced from renewable sources and used in fuel cells both for mobile and stationary 
applications constitutes a very promising energy carrier in a context of sustainable development.  
Hydrogen and fuel cell technologies have significant potential to improve energy security and 
mitigate the effects of climate change and other harmful environmental impacts, so as to switch 
towards a transition to a clean, low-carbon energy system 
Yet, hydrogen should not be seen as the unique solution to the world’s energy problems and in 
particular not as the unique answer to the challenges that the transport sector has to cope with. 
The energy challenge will probably be solved by a much more diversified portfolio of fuels in the 
future. 
Many energy sources, production processes, transportation, storage modes, end-uses exist for 
hydrogen so that the way as hydrogen economy could be developed is very flexible. The concept of 
Power-to-Gas concept considered in isolation for hydrogen or extended to its coupling with 
methanation constitutes an attractive perspective. 
Nowadays, the hydrogen cost is considered as prohibitive compared to the fossil fuels used in the 
transportation system, but the development of some technologies associated to hydrogen coupled 
with high oil prices has improved its competitiveness. 
Some strategic roadmaps have been published about the potential of hydrogen at continental, 
national and regional levels. Their main objective is to evaluate some industrial, technological, 
environmental and social issues and to identify the main obstacles associated to the hydrogen 
economy. These roadmaps are particularly useful to accelerate the deployment of hydrogen 
technologies, with the support of policymakers, the private sector, and society: according to these 
studies, if many of the required technologies are already available today, the deployment of 
hydrogen infrastructures constitutes the challenging task for the development of a « hydrogen » 
economy, so as to achieve competitive costs and mass market acceptance.  
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In this context, methodologies for deployment and design of hydrogen supply chains need to be 
addressed taking into account the variety of energy sources, production, storage technologies, 
transportation modes and stakeholders to link hydrogen demand to its supply with economic, 
environmental and societal considerations. 
This is the methodological core of the scientific work presented in the following chapters. 
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CHAPTER 2 
HYDROGEN SUPPLY CHAIN DESIGN: KEY 
TECHNOLOGICAL COMPONENTS AND 
SUSTAINABLE ASSESSMENT1 
Abstract 
A hydrogen supply chain (HSC) involves multiple echelons (choice of energy source, production, 
storage, transportation and distribution that interact along the chain), multiple stakeholders, 
multiple periods from deployment to maturity, multiple objectives that reflect the economic, 
environmental and social pillars of sustainable development, and finally, multiple usages. The 
flexibility of hydrogen systems thus creates many opportunities for system design. The individual 
component models have then to be integrated to build the framework by which a HSC system 
design can be formulated and evaluated. The purpose of chapter is to establish which 
configurations could be considered and explored according to the target in view. Some of the 
components will be used in the following chapters. The criteria to be taken into account in a 
sustainable development context are also highlighted.  
Résumé 
La chaîne logistique « hydrogène » (HSC) comprend plusieurs échelons (choix de la source 
d'énergie, production, stockage, transport et distribution) qu’interagissent tout au long de la 
chaîne, plusieurs acteurs, plusieurs périodes allant de la phase de déploiement à la maturité, 
plusieurs objectifs qui reflètent les piliers économiques, environnementaux et sociaux du 
développement durable, et finalement, plusieurs usages. La flexibilité des systèmes à hydrogène 
                                                     
1   Ochoa Robles, J., De-Leon Almaraz, S., Azzaro-Pantel, C., 2018. Hydrogen Supply Chain 
Design: key technological components and sustainable assessment, in: Design, Deployment and 
Operation of a Hydrogen Supply Chain. Academic Press 2018, Elsevier, Ed. Catherine Azzaro-
Pantel, ISBN: 9780128111970. (to be published 01/07/2018) 
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crée un grand nombre d’opportunités pour leur conception. Les modèles de briques technologiques 
doivent ainsi être intégrés pour créer le cadre de conception et d’évaluation du système de la HSC.  
L’objectif de ce chapitre est d'établir quelles configurations pourraient être considérées et explorées 
en fonction du but recherché. Certains composants seront repris dans les chapitres suivants. Les 
critères à prendre en compte dans un contexte de développement durable sont également mis en 
évidence. 
Keywords: Hydrogen supply chain, multi-echelon, multi-objective, multi-period, hydrogen 
production, hydrogen storage, hydrogen distribution. 
Acronyms 
CCS  Carbon Capture and Storage 
FCEV Fuel Cell Electric Vehicle 
GHG Greenhouse Gas 
GWP Global Warming Potential 
HAZID Hazard Identification 
HRS Hydrogen Retail Station 
HSC Hydrogen supply chain 
LCA Life Cycle Assessment 
NGO Non-governmental organization 
OECD Organisation for Economic Cooperation and Development 
PEM Proton exchange membrane 
PSA Pressure swing adsorption 
R&D Research and development 
RES Renewable energy sources 
SC Supply chain 
SMR Steam Methane Reforming 
SOEC Solid oxide electrolyser cell 
SOFC Solid oxide fuel cell 
WtW Well-to-Wheel 
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2.1 INTRODUCTION 
The plethora of sources for hydrogen production, along with the variety of methods for its 
extraction, distribution, and storage, makes hydrogen a very promising fuel in both industrialized 
and developing countries. This wide variety of options also makes the development of its 
associated supply chain a challenging task. Supply chain management (SCM) generally uses a set 
of approaches to efficiently integrate energy source supply, hydrogen production, conditioning, 
storage, and distribution, so that hydrogen is produced and distributed at the right quantities, to 
the right locations, and at the right time, in order to minimize system global cost while satisfying 
service level requirements (Papageorgiou, 2009) and taking into account other constraints. As 
previously explained in chapter 1, the path toward a hydrogen economy, and more particularly 
here, toward the use of hydrogen as an energy vector, must address the economic, social, and 
environmental pillars of sustainability. This explains why SCM models can be considered as useful 
to design improved business pathways, which could result in reduced environmental impacts that 
satisfy local regulations and international treaties for greenhouse gas emissions, while being also 
economically achievable(De León Almaraz, 2014). A supply chain (SC) can be defined as a set of 
three or more entities (organizations or individuals) directly involved in the upstream and 
downstream flows of products, services, finances, and/or information from a source to a customer 
(Mentzer et al.,  2001). 
A hydrogen supply chain involves: 
• Multiple echelons from the choice of energy source, production, storage, transportation 
and distribution that interact along the chain.  
• Multiple stakeholders covering industry, academia, government, energy sector etc. The 
transition to a hydrogen economy is a global issue and requires extensive consultation 
with industry (covering the various echelons of the HSC), energy sector, national and local 
Government, academia, NGOs and the finance sector. The importance of public-private 
partnerships in the achievement of a hydrogen economy is emphasized in several 
roadmaps (Tomei, 2009).  The involvement and support of local communities will be of 
crucial importance. The current energy system requires collaboration between countries. 
A review on hydrogen roadmaps also emphasizes the importance of consumer acceptance 
and awareness of hydrogen technologies in driving the markets for hydrogen (Tomei, 
2009). 
• Multiple periods that reflect the dynamic process from deployment to maturity and the 
gradual approach to infrastructure build-up, that may be initially concentrated around 
existing hydrogen clusters, or user centres. 
• Multiple objectives that reflect the economic, environmental and social pillars of 
sustainable development. 
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• Multiple users, including mobility, heat or industrial applications: this aspect has been 
tackled in the previous chapter. 
The flexibility of hydrogen systems creates many opportunities for system design. A combination 
of equipment can enable interactions with different sectors. The purpose of the following analysis 
is to establish which configurations should be considered and explored according to the desired 
goal. A big challenge is then to assess if hydrogen produced from renewable energy sources can be 
competitive with current fuels and to deploy an infrastructure of hydrogen SC (HSC) for new 
applications. 
The remainder of this chapter is organised as follows. In the next section (2.2), the HSC for an 
industrial and mobility use is introduced. The system is represented by nodes and connections 
and a generic HSC framework is displayed. The different echelons (source, production, storage, 
transportation, etc.) involved in an HSC are then presented. Hydrogen can be produced from both 
fossil and renewable resources (section 2.3). Section 2.4 reviews the different technologies related 
to the various sources. It is highlighted that hydrogen can provide storage options for 
intermittent renewable technologies such as solar and wind and might thus facilitate the large-
scale introduction in the energy mix. The centralisation degree according the plant capacity is 
introduced, and processes such as steam methane reforming, gasification and electrolysis are 
presented.  Finally, the issue related to CO2 capture and storage is mentioned. Hydrogen 
conditioning and storage are the core of section 2.5. Section 2.6 is devoted to transportation with 
different modes as pipeline, tube trailer and tanker truck to supply H2 fuel to the refuelling 
stations (section 2.7). These key technological components have to be integrated in a HSC and 
criteria of sustainable assessment are presented in section 2.8.  
2.2 HYDROGEN SUPPLY CHAINS 
Because the design of the supply chain may vary according to the desired goal, there is no unique 
hydrogen supply chain, and thus it is difficult to embed in one generic formulation all the various 
possibilities that may be encountered. Several options that can be captured to build a hydrogen 
supply chain network framework are collected in Figure 2.1. 
Two cases that may be considered are covered in the following sections. 
2.2.1 H2 SUPPLY CHAIN AS A FEEDSTOCK FOR INDUSTRIAL USES 
The chemical industry is the largest producer and consumer of hydrogen (see Table 2.1 and Table 
2.2) as one of the key starting materials used (Ausfelder and Bazzanella, 2016).  It is a 
fundamental building block for the manufacture of ammonia, and hence fertilizers, of methanol, 
used in the manufacture of many polymers, and also of the refining industry (for hydrotreatments 
by hydrogenation of unsaturated hydrocarbons and hydrosulfuration).  
 
   
 
 
 
47 
2. Hydrogen supply chain design: technological components and sustainable assesment 
TABLE 2.1 WORLDWIDE HYDROGEN CONSUMPTION IN INDUSTRY (LE DUIGOU AND MIGUET, 2010) 
Use Consumption (Mt) % 
Refinery 26.4 44 
Ammonia production 22.8 38 
Other chemical products 4.8 8 
Others 6 10 
   
TABLE 2.2 HYDROGEN CONSUMPTION IN INDUSTRY IN FRANCE (LE DUIGOU AND MIGUET, 2010) 
Use Consumption (kt) % 
Refinery 544 59 
Ammonia and fertilizers 240 26 
Chemical industry (methanol) 92 10 
Metal industry 9.2 1 
Others 36.8 4 
 
In the chemical industry, hydrogen is generally produced via syngas processes from fossil 
feedstocks, including natural gas, oil-, and coal-based sources. The syngas process variant applied 
depends strongly on the available feedstock and the downstream processes. Steam reforming of 
natural gas is by far the dominant process. Electrolytic production of hydrogen plays a minor role; 
it is not competitive with steam reforming and is only applied when relatively small amounts of 
pure hydrogen are required. Hydrogen is also produced as a significant side stream of other 
reactions, such as dehydrogenation processes and chlorine production.  
In current schemes of industrial distribution, hydrogen is produced in centralized plants or 
produced onsite for captive uses. H2 is obtained mainly from steam methane reforming (SMR) and 
coal gasification, and also obtained as a byproduct from chloralkali electrolysis plants. It is used 
onsite or transported over short distances by pipelines. The option for hydrogen to be liquefied or 
compressed and then transported via tube trailers or tanker trucks also exists but is less frequent. 
Ammonia production plants, oil processing units, and methanol and metal industries are 
customers with high demand volume. 
As highlighted in (Ausfelder and Bazzanella, 2016) there are a lot of opportunities and challenges 
for the chemical industry in the face of large-scale production of renewable hydrogen. 
2.2.2 H2 SUPPLY CHAIN AS A FUEL  
The hydrogen supply chain for H2 as fuel is defined as a system of activities from suppliers to 
customers, including energy source, production, storage, transportation, and dispensation of 
hydrogen to refuelling stations. Unlike most other fuel infrastructure, hydrogen can be produced 
either centrally (similar to existing gasoline supply chains) or in a distributed mode (using small-
scale units that can produce H2 close to the point of use in small quantities) at forecourt refuelling 
stations, so that the distribution cost can be strongly reduced.  
In that context, several questions arise: 
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• What is the environmental impact of the energy source used to produce hydrogen? 
• Which production option is more cost effective?  
• Is centralised production or decentralised production (small-scale production at local 
fuelling) more cost effective? 
• What are the most cost-effective transportation modes and pathways to connect hydrogen 
demand with its supply? 
• which quantitative criteria can be used to evaluate sustainability of the hydrogen supply 
chain? 
 
FIGURE 2.1 VARIOUS PATHWAYS INVOLVED IN HYDROGEN SUPPLY CHAINS 
2.3 MULTIPLE SOURCES TO HYDROGEN 
Hydrogen can be produced by two pathways, either power-to-hydrogen (from nuclear or from 
renewable sources, such as hydro, wind, solar, and geothermal) or non-power-to-hydrogen options 
(biomass or fossil fuels associated with carbon capture and storage, for instance).  
The local market conditions and availability of regional primary energy feedstock have a large 
impact on the selection of supply chain pathways. As previously explained, hydrogen has the 
benefit of improving the security of fuel supply because it can be produced from diverse primary 
energy sources, such as fossil fuels (natural gas, naphtha, heavy oil, and coal) and renewable 
energy sources (RES), such as wind, biomass, water, and solar energy. Currently, almost 95% of 
hydrogen is produced from fossil fuels via steam reforming, gasification, and partial oxidation 
processes (Heracleous, 2011). According to (Murthy Konda et al., 2011), feedstock remains the 
biggest contributor to the cost of H2 fuel with around 40% share. 
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RES are playing an ever increasing role in worldwide electricity generation (EIA, 2017); their 
contribution has increased from 21.5% in 1973 to 23.6% in 2015. Hydropower plays by far the most 
important role in electricity generation, producing 16% of the energy from RES in 2016. 
Nevertheless, the importance of RES other than hydro has grown considerably, generating 7.1% 
of the total energy in 2015. Renewables are the fastest growing source of energy for electricity 
generation, with average increases of 2.8% per year expected from 2015 to 2040. Renewable 
resources other than hydropower are the fastest-growing energy sources for new generation 
capacity, and this phenomenon is valid for both the OECD and non-OECD regions. Renewables 
other than hydropower accounted for 7% of total world generation in 2015, with an expected share 
in 2040 of 15% (EIA, 2017) with more than half of the growth coming from wind power. After 
renewable energy sources, natural gas and nuclear power are the next fastest growing sources of 
energy used to generate electricity (Figure 2.2). 
 
FIGURE 2.2WORLD NET ELECTRICITY GENERATION BY ENERGY SOURCE (EIA, 2017)  
Several scenarios can also be found in the literature. Some of them are more optimistic in the rate 
projected for the RES use such as (WWF, 2011) and (EREC, 2010) that consider a 100% 
production rate for RES by 2050. For instance, some examples of different energy scenarios 
developed in French reports include the RES roadmap for 2020 and 2030 (presented by the 
Renewable Energy Association) (Syndicat des énergies renouvelables, 2012) and the French 
energy report 2050 (Percebois and Mandil, 2012) in which some scenarios (e.g. CEA, AREVA, 
Global chance, RTE, etc.) regarding nuclear and RES pathways are largely analysed.  
2.3.1 COAL 
Coal is a sedimentary rock consisting of both organic and inorganic material. It consists of carbon, 
hydrogen, oxygen, and, in lower amounts, sulphur and nitrogen. Coal is the most abundant fossil 
fuel in the world (Miller, 2004). Coal is the world’s most abundant and widely distributed fossil 
fuel with reserves for all types of coal estimated to be about 990 billion metric tons, enough for 150 
years at current consumption (BGR, 2009). Coal makes up 42% of electricity generation and is 
likely to remain a key component of the fuel mix for power generation to meet electricity demand, 
especially the growing demand in developing countries. As pointed out by the European Directive 
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of 2009, a key factor in reducing GHG emissions in the short term is to improve energy efficiency 
in end uses in different sectors: construction, transport, and industry. In this regard, using coal as 
an energy source is not without problems because coal combustion releases carbon dioxide and 
other pollutants. Coal gasification and carbon sequestration (see also Section 2.4.6) may be able to 
minimize pollutants and greenhouse gases while changes in mining practices can reduce the 
environmental concerns. 
2.3.2 NATURAL GAS 
Natural gas is a mixture of several hydrocarbon gases, including methane (between 70% and 
90%), ethane, propane, butane, and pentane, as well as carbon dioxide, nitrogen, and hydrogen 
sulphide. The composition of natural gas can vary widely, depending on the gas field. Natural gas 
is produced through the decay of organic materials. Most natural gas is obtained from wells, 
although it can be produced from organic waste through the use of digesters (Bartels et al., 2010). 
A third way to obtain natural gas is by abiogenic processes. In general, extremely deep under the 
Earth’s crust, hydrogen-rich gases and carbon molecules exist, interacting with minerals in the 
absence of oxygen that combined with the high pressure, form methane deposits (Bahadori, 
2014). 
The remaining resources of natural gas are abundant and can satisfy the projections of global 
demand growth included in all three of the IEA World Energy Outlook (IEA, 2011) scenarios to 
2040 and well beyond. Proven reserves have been estimated at 216 trillion cubic meters at the end 
of 2014, equal to more than 60 years of production at current rates, yet proven reserves are only a 
fraction of the total remaining technically recoverable resources. 
2.3.3 BIOMASS 
Biomass, one of the most abundant renewable resources, is formed by fixing carbon dioxide in the 
atmosphere during the process of plant photosynthesis. It is therefore carbon neutral in its 
lifecycle. Biomass comprises any organic matter, either plant or animal in origin. Biomass energy 
refers to the stored energy (solar, carbon and hydrogen) that is available within organic matter 
and can take a variety of forms, with woody biomass being the most used (Macqueen and 
Korhaliller, 2011). 
Biomass resources can be divided into four categories (Ni et al., 2006): 
• Energy crops: herbaceous, woody industrial, agricultural and aquatic. 
• Agricultural residues and waste: crop and animal waste. 
• Forestry waste and residues: mill wood, logging, trees and shrub residues. 
• Industrial and municipal wastes: municipal solid and industry waste, sewage sludge. 
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From the point of view of quality, biomass can be categorized according to   its content of 
humidity, lignocellulose, sugar, starch, and oil (Orecchini and Bocci, 2007). 
Much research has focused on sustainable and environmentally friendly energy from biomass to 
replace conventional fossil fuels. Thermochemical and biological processes are the two main 
pathways to obtain energy from biomass. To produce hydrogen, the most used processes are fast 
pyrolysis   and gasification (thermochemical). 
One issue with the increasing use of biomass for energy purposes (Bartels et al., 2010) is related 
to its impact on land use and its implications for a whole range of sustainable development issues, 
including social development and environmental impacts associated with land use change. 
Another limitation is that the processes  of  hydrogen  production  from biomass are still in the 
development stage and require a strong effort in terms of R&D and demonstration activities 
(Balat and Balat, 2009). The characteristics of biomass are very important because they can vary 
greatly from location to location, and also seasonally and yearly, so that hydrogen production via 
the biomass route may not be competitive with hydrogen production with fossil fuels (Dagdougui, 
2011a). However, the waste-to-energy application has received much attention due to its potential 
to become a major hydrogen source. 
Bioenergy (Sawin et al., 2017) is the largest contributor to global renewable energy supply. Total 
primary energy supplied from biomass in 2016 was approximately 62.5 exajoules (EJ) (2.5% 
increase per year since 2010). The bioenergy share in total global primary energy consumption 
has remained relatively steady since 2005, at around 10.5%, despite a 21% increase in overall 
global energy demand over the last 10 years. The contribution of bioenergy to final energy 
demand for heat in buildings and industry far outweighs its use for electricity and transport 
combined. Europe is the largest consumer of bioheat following the mandatory national targets 
under the Renewable Energy Directive (Sawin et al., 2017).  
2.3.4 SOLAR ENERGY 
The ubiquitous solar energy is a clean renewable source with average around 120,000 TW 
irradiation at the earth surface (Hosseini and Wahid, 2016). The estimated potential of the direct 
capture of solar energy is enormous. When solar energy strikes the Earth’s atmosphere, 
approximately 30% is reflected. After reflection by the atmosphere, Earth’s surface receives about 
3 to 9x1024MJ incident solar energy per year, which is almost 10,000 times more than current 
global energy consumption. Thus, the harvesting of <1% of photonic energy would serve all 
human energy needs. Although solar energy is the largest energy source of the planet, it produces 
only 1% of all electricity used globally. However, the global installed capacity for solar-powered 
electricity has seen exponential growth, reaching about 227 GWe at the end of 2015 (World 
Energy Council, 2016).  
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There are two ways solar energy is used to generate electricity; photovoltaic cells directly convert 
sunlight to electricity, while solar thermal power plants or concentrating solar power systems 
focus sunlight with mirrors, heating water and producing high-pressure steam that drives 
turbines. 
Photovoltaic cells only absorb a portion of the solar spectrum, but they can generate electricity 
from both direct and diffuse sunlight. Solar thermal power plants can use more wavelengths of 
the solar spectrum, but they can only operate in direct sunlight, limiting them to sun-rich areas. 
Moreover, the highest conversion efficiencies reported so far for solar thermal power plants are 
significantly less than those for photovoltaic cells. 
2.3.5 WIND 
 Wind mills and horizontal-and vertical-axis turbines are used to convert the kinetic energy of the 
wind into electricity. Wind energy is one of the more cost-effective forms of renewable energy 
today. Wind turbines are typically constructed in large groups of individual wind turbines in order 
to form a large wind farm (Bartels et al., 2010). Onshore wind has now reached a certain maturity, 
even if the intermittent nature of the production makes it difficult to integrate into power grid 
systems, and the technical improvements are mostly incremental. However, offshore wind power 
has  emerged  recently  (the  first  field  of  500 MW in 2003 in Denmark), but faces some technical 
barriers, such as keeping equipment in harsh environments (saline, weather) and connection to the 
power grid (Direction générale de la compétitivité, de l’industrie et des services, 2011). 
Wind-to-hydrogen may allow wind energy to be harnessed in areas without electrical 
transmission capacity, or it could provide an energy storage medium for the intermittent wind 
resource in order to provide a more constant renewable electricity supply (Bartels et al., 2010). 
World wind power generation capacity has reached 435 GW at the end of 2015, around 7% of total 
global power generation capacity (World Energy Council, 2016).  
2.3.6 HYDROPOWER 
Hydropower is currently the world’s largest renewable power source for electricity generation, 
supplying 71% of all renewable  electricity.  Reaching  1064 GW of installed capacity in 2016, it 
generated 16.4% of the world’s electricity from all sources (World Energy Council, 2016). Large-
scale hydropower plants store water in a reservoir behind a dam, and then regulate the flow 
according to electricity demand. Hydropower can provide a relatively reliable source of power on 
demand. The Ecofys scenario reflects a relatively small increase in hydropower. In this scenario, 
hydropower would provide 12% of the electricity in 2050 compared with 15% today (WWF, 2011). 
Nowadays, highly efficient turbines that generate electricity by spinning water are installed. 
Small hydropower, defined by installed capacity of up to 10 MW, is the backbone of electricity 
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production in many countries in the European Union (EREC, 2010). Small hydropower takes 
advantage of the kinetic energy and pressure from falling water or rivers for instance. 
Regarding the type of operation, hydropower can be classified as run-of-river or pumped hydro. 
Run-of-river stations have no reservoir capacity and provide a continuous supply of electricity 
(base load) with some flexibility of operation for daily fluctuations in demand through water flow 
that is regulated by the facility. Pumped hydro produces electricity to supply high peak demands 
by moving water between reservoirs at different elevations.  
2.3.7 GEOTHERMAL 
Geothermal energy for hydrogen production is considered as a sustainable option for those 
countries with abundant geothermal energy resources. The technologies of hydrogen production 
and use can be easily integrated with geothermal sources and stand-alone energy systems (Balta 
et al., 2010). Although many studies (e.g., Bockris and Veziroglu, 2007; Costogue and Yasui, 1977; 
Eisenstadt and Cox, 1975; Maack and Skulason, 2006; Yilanci et al., 2009) have been carried out 
on hydrogen production from solar and wind in the dedicated literature, hydrogen production 
from geothermal resources has received far less attention. These works highlight some 
demonstration projects and their technical details, feasibility studies, and planning. 
Geothermal energy produces less than 1% of the world’s electricity generation. There were 315 
MW of new geothermal power capacity installed in 2015, raising the total capacity to 13.2 GW 
(World Energy Council, 2016).  
2.3.8 URANIUM AND NUCLEAR 
Nuclear power could produce hydrogen by either electrolysis of water, or by thermal 
decomposition of water using heat from high-temperature reactors (thermochemical cycles must 
be implemented). No greenhouse gas emissions are created directly during the generation of 
nuclear power. The assessments of global uranium resources show that total identified resources 
have grown by about 70% over the last 10 years. The total identified resources of uranium are 
considered sufficient for over 100 years of supply based on current requirements in 2015 (World 
Energy Council, 2016). 
Global nuclear power capacity reached 390 GWe at the end of 2015, generating about 11% of 
global electricity. In 2015, 65 reactors were under construction (6 more than in July 2012) with a 
total generating capacity of 64 GW. The increasing need to moderate the local pollution effects of 
fossil fuel use means that nuclear is increasingly seen as an option in order to add large-scale 
baseload power generation while limiting the amount of GHG emissions.  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2.4 MULTIPLE HYDROGEN PRODUCTION MODES 
Three main categories of hydrogen production technologies are considered here: (1) gasification 
and pyrolysis from coal or biomass; (2) reforming, from natural gas, ethanol, biomass, or heavy 
fuel oil; and (3) electrolysis with alkaline and proton exchange membrane (PEM) and solid oxide 
(SOE) electrolysers.  
In this section, the centralization/decentralization level of hydrogen production is discussed and 
the production technologies are briefly analysed. 
The hydrogen supply chain may be classified as either centralized or decentralized (on site), 
depending on the degree of centralization.  
2.4.1 CENTRALISED VS. DISTRIBUTED HYDROGEN PRODUCTION 
Hydrogen can be produced: (1) at or near the site of use in distributed production, or (2) at large 
facilities and then delivered to the point of use in central production (Office of Energy Efficiency 
& Renewable Energy, n.d.). 
The centralized production option (750,000 kg/day of hydrogen) would be analogous to current 
gasoline supply chains, for which the economies of scale are capitalized upon within an industrial 
context and large quantities are produced at a central site and then distributed (Hugo et al., 
2005) (Murthy Konda et al., 2011). Centralized plants promise higher hydrogen production 
efficiency but require more capital investment and a substantial hydrogen transport and delivery 
infrastructure. 
Decentralized production consists of small regional plants, or even local filling stations, that 
generate hydrogen. While the hydrogen generation efficiency for decentralized production is lower 
than that for centralized plants, losses in hydrogen transport can make such a scheme more 
efficient (Kim et al., 2008)(Haeseldonckx and D’haeseleer, 2011). There is a tendency in the 
literature to argue that decentralized production plants could overcome many of the 
infrastructural barriers facing a transition to hydrogen (Ball and Wietschel, 2008). Most studies 
consider the decentralized route as the key to bypassing the infra- structural problem 
(Haeseldonckx and D’haeseleer, 2011). A decentralized approach often results in higher costs as 
efficiencies are generally lower and because on-site production facilities are often dimensioned to 
cover peak demand (especially when no storage is foreseen or possible). However, a further 
increase in demand will require larger pipelines, and consequently additional investment costs 
(Haeseldonckx and D’haeseleer, 2011). Two distributed hydrogen production technologies have 
been identified: (1) reforming natural gas or liquid fuels, including renewable liquids, such as 
ethanol and bio-oil, and (2) small-scale water electrolysis. 
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Large hydrogen production facilities currently exist in or near petroleum refineries because 
hydrogen is used in petroleum processing. A small fraction of this hydrogen may be transported to 
nearby refuelling stations during the transition phase of hydrogen deployment (Office of Energy 
Efficiency & Renewable Energy, n.d.). 
2.4.2 STEAM REFORMING OF NATURAL GAS (SMR) 
Most hydrogen (97%) is produced by steam reforming of natural gas, also known as SMR 
(Koroneos et al., 2004). SMR is used in the chemical and petrochemical industries; it is currently 
the cheapest production method and has the lowest CO2 emissions of all fossil production routes 
(Ball and Wietschel, 2008). This process is the most efficient in a large-scale production. Figure 
2.3 presents the typical feature of SMR process. 
 
FIGURE 2.3 SMR PROCESS FROM (WULF AND KALTSCHMITT, 2012) 
The main steps during the production of hydrogen from natural gas are (Hajjaji, 2011): a) 
production of the synthesis gas, b) conversion of carbon monoxide to hydrogen (Water Shift Gas) 
and c) purification (Scipioni et al., 2017). 
 +  °	
	  + 3							∆ = +206	      (2.1) 
 +  °	

	  + 							∆ = −41.2	     (2.2) 
Governing equation 
 +  → 4 + 															∆ = 164.8	     (2.3) 
The process starts with desulfurized natural gas below the ppm-level (the catalyst of the process 
is very sensitive to sulphur). Then, natural gas is reformed with the addition of water to a 
hydrogen- and carbon monoxide-rich gas at 800°C and 3 MPa. The gas is transformed into 
hydrogen by the water- gas-shift reaction, in which carbon monoxide reacts with a catalyst to 
produce carbon dioxide and more hydrogen. The hydrogen so produced must be cleaned by 
removing CO2 by pressure swing absorption, leaving essentially pure hydrogen (Wulf and 
Kaltschmitt, 2012).  
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During hydrogen production, some heat is produced that can be recovered in an industrial 
furnace, making the process most efficient. 
2.4.3 ELECTROLYSIS 
Electrolysis is a process based on the generation of hydrogen and oxygen by applying a direct 
electric current to water to dissociate it. Hydrogen obtained with this technology has a high 
purity that can reach 99.999 vol% once hydrogen has been dried up and oxygen impurities have 
been removed. Electrolysers consist of an anode and a cathode separated by an electrolyte (see 
Figure 2.4).  
Electrolysis needs electrical energy to convert water into oxygen and hydrogen. After hydrogen is 
obtained, it must be dried and purified by a deoxo dryer. Oxygen is released to the air. The 
governing reaction is shown in Eq. 2.4 (Scipioni et al., 2017). 
 2 → 2 +         (2.4) 
 
FIGURE 2.4 OPERATION PRINCIPLES OF AN ALKALINE, PEM AND SOLID OXIDE ELECTROLYSER FROM 
(SAPOUNTZI ET AL., 2017) 
The different electrolyzers, operated in slightly different ways according to the different type of 
electrolyte material involved, are described in the following paragraphs:  
POLYMER ELECTROLYTE MEMBRANE ELECTROLYSER  
In a polymer electrolyte membrane (PEM) electrolyser, the electrolyte is a solid specialty plastic 
material. The water reacts at the anode to form oxygen and positively charged hydrogen ions 
(protons). Then, the electrons flow through an external circuit and the hydrogen ions selectively 
move across the PEM to the cathode. At the cathode, hydrogen ions combine with electrons from 
the external circuit to form hydrogen gas, with the following reactions: 
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Anode Reaction: 2	 → 	 	+ 	4" 	+ 	4#     (2.5) 
Cathode Reaction: 4" + 	4# 	→ 	2      (2.6) 
ALKALINE ELECTROLYSERS 
Alkaline electrolysers operate via transport of hydroxide ions (OH—) through the electrolyte from 
the cathode to the anode with hydrogen being generated on the cathode side. Electrolysers using a 
liquid alkaline solution of sodium or potassium hydroxide as the electrolyte have been 
commercially available for many years. Newer approaches using solid alkaline exchange 
membranes as the electrolyte are showing promise at the lab scale. 
SOLID OXIDE ELECTROLYSERS 
Solid oxide electrolysers, which use a solid ceramic material (zirconium dioxide doped with 
yttrium oxide) as the electrolyte that selectively conducts negatively charged oxygen ions (O2—) at 
elevated temperatures, generate hydrogen in a slightly different way. Water at the cathode 
combines with electrons from the external circuit to form hydrogen gas and negatively charged 
oxygen ions. The oxygen ions pass through the solid ceramic membrane and react at the anode to 
form oxygen gas and generate electrons for the external circuit. 
Solid oxide electrolysers must operate at temperatures high enough for the solid oxide 
membranes to operate properly (about 700–800°C, compared to PEM electrolysers, which operate 
at 70–90°C, and commercial alkaline electrolysers, which operate at 100–150°C). The solid oxide 
electrolysers can effectively use heat available at these elevated temperatures (from various 
sources, including nuclear energy) to decrease the amount of electrical energy needed to produce 
hydrogen from water. This system has the advantage of being reversible and able to work either as 
electrolyser or as solid oxide fuel cell (SOFC). It is thus possible to operate in electrolyser mode 
when the price of electricity is low and in fuel cell mode producing electricity during electrical 
demand peaks. This process is still in the research phase (Cueugniet et al., 2015). 
An electrolysis flow diagram is shown in Figure 2.5 although some differences may occur 
according to the process. For example, PEM units will not require a KOH mixing tank, as no 
electrolytic solution is needed for these electrolysers. Water purification equipment may also 
vary, because water quality requirements differ across electrolysers.  
 
FIGURE 2.5 ELECTROLYSIS FLOW DIAGRAM ADAPTED FROM (IVY, 2004)  
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All systems have a hydrogen generation unit (electrolysis stack, gas purification and heat 
removal). Hydrogen and oxygen are produced in the generation unit. At the end of the system, a 
compressor and hydrogen storage can be added (Ivy, 2004). 
While PEM electrolysis is less proven and costlier in terms of capital expenditure (CAPEX) than 
alkaline electrolysis, it is more compact and suitable for dynamic load balancing of electricity 
grids needed with the use of intermittent renewable energy. 
In a central electrolyser, production can reach a capacity of 50,000 kg/day. The plant design 
capacity is 51,020 kg/day with a 98% operating efficiency (Table 2.3).  
From a technological point of view, the development of alkaline electrolysers is currently 
sufficiently advanced to start the production of renewable hydrogen at significant rates. However, 
it is generally agreed that the massive hydrogen production required by the hydrogen economy 
will need electrolysis units with production capacities much higher than current ones. Polymer 
electrolyte membrane (PEM) electrolysers are commercially available, but their cost is high, and 
the technology seems more suitable for small-scale applications. Solid oxide electrolysers (SOEs) 
for hydrogen production from steam are at the R&D stage. They show enormous potential because 
the use of high-temperature heat reduces their electricity usage.  
TABLE 2.3 SPECIFICATIONS OF THE DIFFERENT TYPES OF ELECTROLYSERS SUMMARIZED FROM (DINCER AND 
ACAR, 2015). DATA FROM (BHANDARI ET AL., 2014) 
Specification Alkaline PEM SOE 
Technology maturity State of the 
art 
Demonstration R&D 
Cell temperature (°C) 60–80 50–80 900–1,000 
Cell pressure (bar) <30 <30 <30 
Current density (A/cm2) 0.2–0.4 0.6–2.0 0.3–1.0 
Cell voltage (V) 1.8–2.4 1.8–2.2 0.95–1.3 
Power density (W/cm2) Up to 1.0 Up to 4.4 - 
Specific system energy consumption (kWh/Nm3) 4.5–7.0 4.5–7.5 2.5–3.5 
Hydrogen production (Nm3/h) <760 <30 – 
Stack lifetime (h) <90,000 <20,000 <40,000 
System lifetime (y) 20-30 10-20 - 
Hydrogen purity (%) >99.8 99.999 - 
Cold start up time (min) 15 <15 >60 
2.4.4 COAL GASIFICATION 
Coal gasification is economically attractive, but has significant CO2 emissions, even if CO2 can be 
captured and stored. Nowadays, hydrogen production from coal gasification is not much used, 
except in those places where the other sources are very expensive (Dagdougui, 2012). Figure 2.6 
shows the standard process of producing hydrogen with the coal gasification method. 
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FIGURE 2.6 COAL GASIFICATION TO PRODUCE HYDROGEN FROM (WULF AND KALTSCHMITT, 2012) 
The governing reaction of gasification is presented in Eq. 2.7 (Scipioni et al., 2017). 
 + 2 →  + 2        (2.7) 
In this process, hydrogen is produced by the added water, and the coal serves merely as a 
reducing agent and an energy source. The first step is to pyrolyze the coal to crack carbon and 
obtain minuscule molecules while water is added as the synthesis gas production starts. A water-
gas-shift reaction follows gasification. Depending on the ingredients of the hard coal, a pressure 
swing adsorption may not be enough to clean hydrogen. Hydrogen sulphide (H2S) produced from 
the sulphur content of the coal must also be removed (Wulf and Kaltschmitt, 2012; Xiang et al., 
2010).  
2.4.5 BIOMASS 
Biomass gasification is still in a development stage and competes with other uses of biomass. 
There are two main ways to produce hydrogen from biomass (Orecchini and Bocci, 2007), either 
biochemical or thermochemical. Figure 2.7 shows a general view of conversion from biomass to 
hydrogen. 
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FIGURE 2.7 BIOMASS TO HYDROGEN PROCESSES FROM (ORECCHINI AND BOCCI, 2007) 
Biochemical methods convert biomass into energy through the use of enzymes, mushrooms, and 
microorganisms formed from the biomass. Four processes can be found, namely, aerobic digestion, 
anaerobic digestion, oil extraction, and alcoholic fermentation (production of ethanol). 
Aerobic digestion uses aerobic microorganisms, decomposing the organic matter and producing 
heat, CO2, and water. This process is used to depurate sewage and is not suitable for hydrogen 
production.  
Anaerobic digestion produces biogas with the help of bacteria in an anaerobic environment, 
producing a gas mixture of 65%–70% CH4 and 30%–35% CO2. The produced biogas can then be 
used to obtain hydrogen   by the SMR method.  
In the oil extraction process, oil can be extracted from biomass via pressure. Then it can be 
processed with alcohol through esterification, in order to obtain biodiesel and hydrogen.  
Alcoholic fermentation in controlled air conditions can directly produce hydrogen or ethyl alcohol, 
from which hydrogen can be obtained by steam reforming, but the energetic and economic 
reliability of the process has not been demonstrated.  
Oil extraction is a mechanical-chemical conversion process that can be used to produce oil from 
seeds, and that can be followed by esterification to obtain biodiesel and hydrogen. The 
disadvantage of this pathway is its low energy ratio (between 0.3 and 3). 
On the thermochemical side, three processes can be highlighted: combustion, pyrolysis, and 
gasification. 
Biomass combustion produces hot gases (800–1000°C), which is generally possible with a 
moisture level of <50%. Biomass pyrolysis generates liquid oils, solid charcoal, and gaseous 
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compounds by heating the biomass at a temperature of 650–800 K at 0.1–0.5 MPa. It occurs in the 
total absence of oxygen, except in cases in which partial combustion is allowed to provide the 
thermal energy needed for the process (Orecchini and Bocci, 2007).   
The interested reader can refer to state-of-the-art reviews of hydrogen production technologies 
(Dincer and Acar, 2015; Nikolaidis and Poullikkas, 2017). 
2.4.6 CARBON CAPTURE AND STORAGE (CCS) 
Hydrogen supply chains offer the possibility of capturing most of the CO2 emissions (~90%) and 
sequestering them (Murthy Konda et al., 2011) because they originate mostly from point sources 
(production facilities using non-renewable sources). CCS is an energy intensive and costly process 
involving several steps: CO2 capture, pressurization, transportation, and final disposal into 
geological formations   or   in   aquifers  (Direction générale de la compétitivité, de l’industrie et 
des services, 2011; Haeseldonckx and D’haeseleer, 2011). There are three main technology options 
for CO2 capture and storage: pre-combustion capture, post-combustion capture, and oxy fuel 
combustion. 
PRE-COMBUSTION CAPTURE 
Pre-combustion capture processes can be used in coal or natural gas plants.  The fuel is reacted 
first with oxygen and/or steam and then further processed in a shift reactor to produce a mixture 
of H2 and CO2. CO2 is captured from a high-pressure gas mixture that contains between 15% and 
40% CO2 (Haeseldonckx and D’haeseleer, 2011)(Direction générale de la compétitivité, de 
l’industrie et des services, 2011). 
POST-COMBUSTION CAPTURE 
The post-combustion process is commercially applied to produce high-purity CO2 from the 
exhaust of coal and gas fired boilers, furnaces, and turbines. CO2 is captured typically through 
the use of solvents and subsequent solvent regeneration, sometimes in combination with 
membrane separation (Direction générale de la compétitivité, de l’industrie et des services, 
2011)(Haeseldonckx and D’haeseleer, 2011). The basic technology, using mono ethanolamine, has 
been used on an industrial scale for decades, but the challenge is the massive scaleup for power 
plants and to recover CO2 with a minimum energy penalty and at acceptable cost. At present, the 
largest operating unit has a capacity of 800 t CO2/day. To put this into perspective, large coal-
fired units produce up to roughly 10,000 t CO2/day (Haeseldonckx and D’haeseleer, 2011). 
OXYGEN COMBUSTION 
In this technology, the fuel is combusted using (nearly) pure oxygen, which is produced by a 
cryogenic ASU, although new technologies, such as ion transport membranes, are investigated. 
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The flue gas, containing primarily CO2, is partially recycled to the boiler to control the 
combustion temperature. The main advantage of oxy fuel combustion is that it enables nearly 
100% CO2 capture (Haeseldonckx and D’haeseleer, 2011). 
After CO2 is captured via physical absorption, it is compressed to supercritical pressure at 15 
MPa, which permits efficient pipeline transmission of CO2. Energy use and CO2 emissions from 
CO2 sequestration are assumed to be predominately associated with compression (Johnson et al., 
2008). 
2.4.7 OTHER HYDROGEN PRODUCTION METHODS 
Other methods exist, such as water splitting by high-temperature heat, photo-electrolysis, and 
biological processes. These methods have been extensively presented in some review papers (Acar 
and Dincer, 2014; Dincer, 2012; Hallenbeck and Benemann, 2002), and include plasma arc 
decomposition, water thermolysis, biological processes, thermochemical water splitting, bio-
photolysis, and photo-fermentation among others (Dincer, 2012). 
Table 2.4 shows the advantages and disadvantages of the hydrogen production methods described 
in this chapter. 
TABLE 2.4 KEY BENEFITS AND CRITICAL CHALLENGES OF THE HYDROGEN PRODUCTION METHODS. ADAPTED 
FROM (DINCER AND ACAR, 2015) 
 Fossil fuel reforming 
Coal and biomass 
gasification 
Water electrolysis 
Critical 
challenges 
High capital costs High reactor costs Low system efficiency 
Design System efficiency High capital costs 
High operation and 
maintenance costs 
Feedstock impurities System integration 
 Carbon capture and storage Design issues 
Major 
R&D 
needs 
Efficiency and cost 
Low cost and efficient 
purification 
Durable and cheap 
materials 
Low cost and efficient 
purification 
Co-fed gasifiers 
Corrosive-resistant 
membranes 
Feedstock pre-treatment Carbon capture and storage 
Durable, active and cheap 
catalysts 
Optimisation Hydrogen quality Large-scale applications 
Automated process 
control 
Cost and feedstock preparation Storage and production rate 
Reliability Tolerance of impurities Reliability 
Key 
benefits 
Most viable approach Low cost syngas production 
No pollution with 
renewable energy sources 
Lowest current cost Abundant and cheap feedstock Existing infrastructure 
Existing infrastructure  Integration with fuel cells 
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2.4.8 KEY PARAMETERS OF SOME HYDROGEN PRODUCTION TECHNOLOGIES 
Selected hydrogen production technologies are listed in Table 2.5 with their typical features. 
TABLE 2.5 KEY PARAMETERS FOR HYDROGEN PRODUCTION IN THE HSC 
    
kg CO2eq/ 
kg(H2)1 
Capital Cost 
Operational 
Cost ($/kg) 
Capacity 
Primary 
Energy1 
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u
c
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o
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Electrolysis1 
Wind 1.03  
4,420 – 6,421.05  
$/(kg/day) 1 
4.69 - 4.59 1 
300 – 150,000 
kg/day 1 
52.49 
kWh/kg(H2) 
Solar 6.21  
Hydro 2.07  
Nuclear 3.10  
SMR 10.1  
903 M$2 
1.122 
10,000 – 960,000 
kg/day2 
4.02 - 3.16 
kg(NG)/kg(H2) 
201.16 - 431.85 
€/kW3 
1,530  - 33 MW 3 
29 - 903 M€ 1  3.36 - 1.431 
300 – 960,000 
kg/day 1 
Coal Gasification   
1,611 M$2 
1.43 $/kg2 
10,000 – 960,000 
kg/day2 
  
462.46 - 573.37 
€/kW 3 
1,667 - 434 MW 3 
Biomass Gasification 3.10  
1,836 M$2  
2.382 
10,000 – 960,000 
kg/day2 
  
2,637.55 – 4,101.10 
€/kW 3 
33 - 0.7 MW 3 
575 – 1,836 M€ 1  3.52 - 2.15 1 
10,000 – 960,000 
kg/day 1 
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Electrolysis1 
Wind 1.03  
4.03 - 20.20 M€ 1  6.24 - 4.94 1 50 – 2,500 kg/day 1 
52.49 
kWh/kg(H2) 
Solar 6.21  
Hydro 2.07  
Nuclear 3.10  
2.5 HYDROGEN CONDITIONING AND STORAGE 
Hydrogen is a very low density gas (0.08988 kg/Nm3 at 273°K) (Patay, 2008) and can be stored in 
three ways (Florida Solar Energy Center, n.d.): 
• as a compressed gas in high-pressure tanks. 
• as a liquid in dewars or tanks (requires cryogenic temperatures because the boiling point 
of hydrogen at one atmosphere pressure is −252.8°C). 
• as a solid by either absorbing or reacting with metals or chemical compounds. 
The physical limits for the storage density of compressed and liquid hydrogen have more or less 
been reached, while there is still potential in the development of solid materials for hydrogen 
storage, such as systems involving metal hydrides (Ball and Wietschel, 2008). Designing tanks 
that are compact, light- weight, safe, and cheap is crucial because this would open the possibility 
of making hydrogen storage particularly attractive compared to electricity (CEA, 2013). 
                                                     
1
 (De-León Almaraz et al., 2014) 
2
 (Almansoori and Betancourt-Torcat, 2016) 
3  (Sgobbi et al., 2016) 
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The hydrogen storage pathways from production to onboard storage in vehicles is presented in 
Figure 2.8. 
 
FIGURE 2.8 HYDROGEN STORAGE PATHWAYS FROM PRODUCTION TO ON-BOARD VEHICLES ADAPTED FROM 
(MORI AND HIROSE, 2009) 
2.5.1 GASEOUS HYDROGEN (GH2) 
The most commonly used method for hydrogen storage is compressed hydrogen tanks at high 
pressure (>200 bar). Compressed hydrogen in hydrogen tanks at 350 bar and 700 bar is used in 
fuel cell hydrogen vehicles (Krishna et al., 2012). This is currently one of the simplest, most 
common and efficient storage technologies in use. High-pressure hydrogen is stored in thick-
walled tanks (mainly of cylindrical or quasi-conformable shape) made of high-strength materials 
to ensure durability (Krishna et al., 2012; Tzimas et al., 2003). 
According to (James, 2008), for stationary hydrogen storage, GH2 also offers the advantages of 
simplicity and stable storage (no boil-off losses) but at a considerably greater volume than LH2. 
Even accounting for compression costs, high-pressure gaseous hydrogen is cheaper than LH2. 
However, except for pipeline transmission, GH2 lacks the bulk transportability of LH2. 
Consequently, GH2 will mostly be used for storage of limited hydrogen quantities, for long term 
storage, or when the cost of liquefaction is prohibitive. Some issues for GH2 are its safety 
perception and the high cost of the pressure vessels and hydrogen compressors.  
2.5.2 LIQUID HYDROGEN (LH2) 
Hydrogen in liquid form has a considerably higher energy density than in gaseous form, making 
it an attractive storage medium (Tzimas et al., 2003). For example, the theoretical volumetric 
capacity of hydrogen increases from 24 or 40 g/L (for compressed H2 at 350 or 700 bar at 300 K) to 
70 g/L (for liquid H2 at 1 atm and 20 K). When hydrogen is stored as liquid at 1 atm, it must be 
 
   
 
 
 
65 
2. Hydrogen supply chain design: technological components and sustainable assesment 
maintained below its boiling point (-253°C or 20 K) (Krishna et al., 2012). Effective thermal 
insulation is essential to maximize the efficiency of the liquid hydrogen (LH2) tank. Typical LH2 
tanks consist of metallic double-walled containers, in which the inner and outer walls are 
separated by vacuum for thermal insulation purposes (Züttel, 2003).  
The energy requirements of liquefaction are high, typically 30% of the hydrogen’s heating value, 
leading to relatively high hydrogen cost as compared to gaseous hydrogen. The loss of hydrogen by 
evaporation effects during storage periods are further disadvantages of liquid hydrogen (LH2) 
storage systems (Hake et al., 2006). 
In the initial phases of hydrogen infrastructure development, the transportation of cryogenic 
liquid hydrogen via trucking or rail could play a significant role (James, 2008). Hydrogen is 
typically liquefied at the production site in large quantities (10–30 tons/day) and then trucked 
cross country in LH2 tankers with no boil-off losses. 
Another option is based on cryo-compressed storage; studies of physical hydrogen storage have 
currently shifted to cryo-compressed H2, which com- bines compression and cryogenic storage 
(Hwang and Varma, 2014). 
2.5.3 SOLID HYDROGEN 
The storage of hydrogen in solid materials has the potential to become a safe and efficient way to 
store energy, both for stationary and mobile applications. Solid hydrogen may be stored in two 
ways, either by metal hydrides or by car- bon adsorption. 
Metal hydrides store hydrogen by chemically bonding the hydrogen to metal or metalloid 
elements and alloys. Some hydrides can adsorb hydrogen at or below atmospheric pressure, then 
release the hydrogen at significantly higher pressure when heated (Tzimas et al., 2003). For 
example, LaNi5H6 can release hydrogen under PEM fuel cell operating conditions (1–10 atm and 
25–1008°C), but its gravimetric capacity is too low (1.4 wt%) and its cost too high for vehicle 
applications (Hwang and Varma, 2014).  
Carbon-based materials/porous structures (single-walled nanotubes and graphite nanofibers) can 
also be used to store significant amounts of hydrogen at room temperature due to their high 
surface area and abundant pore volume. There are still challenges to overcome, such as the 
understanding of the adsorption/desorption mechanism and the volumetric capacity of porous 
structures.  
Carbon-based materials/porous structures (i.e., single-walled nanotubes and graphite nanofibers) 
can also be used to store significant amounts of hydrogen at room temperature due to their high 
surface area and abundant pore volume. There are still challenges to be overcome, such the 
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understanding of the adsorption/desorption mechanism and the volumetric capacity of porous 
structures (Tzimas et al., 2003). 
2.5.4 KEY FACTORS 
All the aforementioned hydrogen storage options (compressed, liquid, metal hydrides, and porous 
structures) have their advantages and drawbacks with respect to weight, volume, energy 
efficiency, refuelling time, cost, and safety.  
 Some key parameters of the liquid and gaseous options are presented in Table 2.6. 
TABLE 2.6 KEY PARAMETERS FOR HYDROGEN STORAGE IN THE HSC 
  
kg CO2eq/ 
kg(H2)1 
Capital Cost Operational Cost 
Capacity 
(kg) 
Efficiency1 
kWh/kg(H2) 
Liquid H2 0.704  
106 M€1 0.0043 €/(kg/day) 2 540,000 2 
8.42  0.802 - 122 M€ 1 0.064 – 0.005 $/(kg/day) 1 50 – 540,000 1 
122 M$3 0.005 $/kg 3 10,000 – 540,0003 
Gaseous H2 0.349  
1,645 M€ 2 0.066 €/(kg/day) 2 540,000 2 
4.17 
1,894 M$ 3 0.076 $/kg 3 10,000 – 540,000 3 
2.6 HYDROGEN TRANSPORTATION 
Conceptually, transportation is divided into two parts: transmission and distribution. 
Transmission refers to H2 transportation from a plant to other regions without plant units and 
distribution refers to H2 transportation to the refuelling stations from a plant or regional 
conditioning centre in any region (Murthy Konda et al., 2011).  
There are various methods for transporting hydrogen, but the choice of the  best transportation 
mode and natural state (compressed gas trucks, cryogenic liquid trucks, or gas pipelines) depends 
mostly on the geographic and market characteristics of the zone in which the transport occurs 
(market penetration, population density, demand, state of the roads, and infrastructure available) 
(Yang and Ogden, 2007). 
Hydrogen may be transported as either a gas or a liquid. Gaseous hydrogen can be transported by 
high-pressure pipelines or by tube trailers (see Figure 2.9). Liquefied hydrogen can be 
transported in tankers (Dagdougui, 2012). 
                                                     
1
 (De-León Almaraz et al., 2014) 
2
 (Sabio et al., 2010) 
3
 (Almansoori and Betancourt-Torcat, 2016) 
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FIGURE 2.9 HYDROGEN PIPELINES AND HYDROGEN TUBE TRAILERS 
2.6.1 HYDROGEN PIPELINES 
Pipelines are highly recommended for long distances and large quantities. They have been used for 
several years to deliver hydrogen to refineries and chemical plants (Ball and Weeda, 2015). 
From the economic point of view, pipelines have very low operating costs, but very high capital 
costs due to the high-quality material that must be used in their construction that assures a lack of 
risk. Of course, their cost can be reduced if the natural gas infrastructure could be adapted to 
hydrogen (Ball and Wietschel, 2008). 
Pipelines for medium and large fueling stations may become relevant once a significant market 
penetration of hydrogen vehicles has been achieved, but these are mostly used for local 
distribution in highly populated areas and for large-scale interregional energy transport 
according to the HyWays roadmap (European Commission, 2008). In (Ball and Wietschel, 2008), a 
pipeline network could be constructed after 2030 when the potential demand can justify the high 
investment. 
2.6.2 HYDROGEN TUBE TRAILERS 
Compressed gaseous hydrogen trailers (at 200 bar) can be a very suitable option when hydrogen 
must be transported over short distances, mostly up to 200 km. Recently, the pressure level for 
these trailers has been increased from 200 bar to 500 bar, increasing the payload from 400 kg to 
more than 1000 kg for distances up to 500 km (Ball and Weeda, 2015). Liquid hydrogen is 
recommended for smaller volumes and longer distances (Ball and Wietschel, 2009).  
2.6.3 TANKER TRUCKS 
From the liquefaction unit, LH2 is transported by tanker trucks (cryogenic liquid hydrogen tankers) 
(Patay, 2008). This transportation mode is the most economic pathway for medium market 
penetration (Dagdougui, 2011b). Tanker trucks could transport relatively large amounts of 
hydrogen and reach markets located throughout large geographic areas. Forty-ton trucks can 
carry 3500 kg of LH2. Thus, the transport of liquid hydrogen is limited by volume, not by weight 
(Bossel, 2006). 
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2.6.4 KEY PARAMETERS OF SOME HYDROGEN TRANSPORTATION MODES 
Some key parameters of various hydrogen transportation modes are summarized in Table 2.7.  
TABLE 2.7 KEY PARAMETERS FOR HYDROGEN TRANSPORTATION  
g CO2eq/ 
tonne/km 
Capital 
Cost 
(€)1 
Operational 
Cost1 
Capacity1 
(kg/day)  
Avg 
Speed1 
(km/h)  
Un/Loading 
Time1 
(h)  
Efficiency 
(fuel)1 
km/l 
LH2 
Road 622 434,236 40.56 €/h 
4,082 - 
960,000 
55 2 3.58 
Rail   434,236 23.62 €/h 
9072 – 
960,000 
45 12 10.13  
Ship   
 
0.00115 €/h/kg 
4,082 - 
960,000 
16 48 18.75  
GH2 
Road   217,118 40.56 €/h 
181 - 
960,000 
55 2 3.58 
Rail   260,541 23.62 €/h 
454 - 
960,000 
45 12 10.13  
Pipeline   
708,673 
€/km 
0.05767 
€/kg/day 
10 - 960,000 
kg/day 
   
 
Hydrogen storage, along with distribution, is a key technology associated with the wide 
utilization of hydrogen. Both of these technologies represent limiting factors, currently and in the 
near future, to the deployment of hydrogen in the energy system.  
2.7 HYDROGEN REFUELING STATIONS 
Hydrogen refuelling stations (HRS) are not only associated with the market but also to the 
expectations and needs of FCEV owners. Major progress has been made in hydrogen refuelling by 
developing equipment standards and refueling protocols for high pressure (700 bar) and fast 
dispensing (<3 min) in cars (Ball and Weeda, 2015). 
(Patay, 2008) identified four types of refuelling stations according to their main mode of supply, 
allowing the filling station vehicles equipped with tanks for hydrogen gas at high pressure to 
about 700 bar3 (a priori these tanks will be dominant in the market): 
• Type 1. Stations receiving liquid hydrogen require evaporation and compression facilities. 
• Type 2. Stations receiving compressed hydrogen (200 bar) from tube trailers require a 
high compression unit (400-700 bar). 
• Type 3. Stations with a piped gaseous H2 supply require a high compression unit (from 
100 to 400-700 bar). 
                                                     
1
 (Sabio et al., 2010) 
2
 (De-León Almaraz et al., 2014) 
3
 In cases where the FCEV has 350 bar onboard storage tanks, H2 has to be compressed up to 400 bar before 
being distributed (Murthy Konda et al., 2011) 
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• Type 4. Stations with on-site H2 production by small electrolysis units require 
compression (from 15 to 400-700 bar). 
2.7.1 KEY PARAMETERS OF HYDROGEN REFUELLING STATIONS 
The key parameters of the refuelling stations are summarised in Table 2.8. 
TABLE 2.8 KEY PARAMETERS FOR HYDROGEN REFUELLING STATIONS IN THE HSC 
 
Tank 
Pressure1 
(bar) 
Storage 
Pressure 
(MP)2 
Capacity2 
Efficiency2 
kWh/kg(H2) 
Refuelling 
Time2 
(min) 
Reliability2 
Life 
Duration2 
(years) 
High 
Pressure 
700 85 
750 
kg(H2)/day 
3.0 < 3 <95% 
50 (building) 
Low 
Pressure 
350 40 
280 g(H2) 
Storage 
10 (comp.) 
 
The choice between central and onsite production and storage of hydrogen, and of the transport 
mode between sites, depends on the demand of either gaseous or liquid hydrogen. The HSC 
design offers multiple possibilities to explore. 
2.8 MULTIPLE OBJECTIVES IN SUSTAINABLE ASSESSMENT 
Three categories of objectives related to economic, environmental, and social issues are of major 
interest for HSC design. Sustainable development usually refers to the simultaneous achievement 
of economic prosperity, environmental cleanness, and social responsibility, namely the so-called 
“triple bottom line” (Jiménez-González and Woodley, 2010; Othman et al., 2010). Table 2.9 
presents the set of criteria that have been studied in the dedicated HSC literature. 
2.8.1 ECONOMIC ASSESSMENT 
The principal and the most treated objective is the economic one (Agnolucci et al., 2013; 
Almansoori and Betancourt-Torcat, 2016; Almansoori and Shah, 2006, 2009, 2012; Gondal and 
Sahir, 2013; Kamarudin et al., 2009; Kim et al., 2008; Woo et al., 2016), mainly based on the total 
network cost. 
From a general point of view, two economic approaches can be found: the minimisation of the 
total costs and the minimisation of the unit costs. 
 
 
 
                                                     
1
 (Wulf and Kaltschmitt, 2012) 
2
 (Ball and Weeda, 2015) 
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TABLE 2.9 SUSTAINABLE ASSESSMENT CRITERIA FOR HSC  
Multi-objective assessment 
Economic Environmental Social 
Total network cost (Agnolucci et 
al., 2013; Almansoori and 
Betancourt-Torcat, 2016; 
Almansoori and Shah, 2006, 
2009, 2012; Kim et al., 2008) 
Global Warming Potential (De-
León Almaraz et al., 2013) 
Hazard Identification (HAZID) 
(Oyama et al., 2016) 
Total investment cost (Woo et 
al., 2016) 
Life Cycle Assessment (LCA): 
Eco-Indicator99 (EI-99) 
(Guillén-Gosálbez et al., 2010) 
Total relative risk (Han et al., 
2013; Kim and Moon, 2008) 
 
Cumulative WtW (well-to-
wheel) life cycle GHG emissions 
(Hugo et al., 2005; Li et al., 
2008) 
Social effects (Cantuarias-
Villessuzanne et al., 2016; Creti 
et al., 2015) 
 
These criteria have been generally embedded in optimization strategies for hydrogen supply 
chains. Only the viewpoint of criteria is explored here, and the optimization strategy will be 
targeted in chapter 3 of this manuscript. 
(Almansoori, 2015) presents a MILP model for the optimal design and operation of an HSC under 
CO2 emission constraints. This model includes carbon capture and storage (CCS) methods and a 
carbon tax as CO2 mitigation strategies. The optimization objective consists of the minimization 
of the total network cost, both in terms of capital and operating expenditures, under techno-
economic and environmental constraints, as in (Almansoori and Betancourt-Torcat, 2016). The 
model determines the most suitable delivered product form (gaseous or liquid) into the market. 
Two scenarios were studied to determine the optimal HSC configuration of the country (with and 
without the application of a carbon tax). A case study of a future HSC in the United Arab Emirates 
(UAE) was analysed. The production technology selected was based on steam methane reforming, 
as similarly in (Almansoori and Betancourt-Torcat, 2016) (Agnolucci et al., 2013) (Moreno-Benito 
et al., 2016). 
The total annualized cost to plan the HSC under emission constraints has also been studied in 
(Almansoori and Betancourt-Torcat, 2016). A case study for Germany in 2030 is treated 
considering CCS decisions. 
Others works present techno-economic inputs and technological background information for 
hydrogen delivery pathway (Bolat and Thiel, 2014a). (Bolat and Thiel, 2014b).  
2.8.2 ENVIRONMENTAL ASSESSMENT 
Life cycle assessment (LCA) has been extensively used for energy supply chain environmental 
assessment (Curran, 2000). LCA is an established and internationally accepted method that is 
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defined in the ISO standards ISO 14040 and ISO 14044. Even if hydrogen is considered to be a 
clean fuel in its use phase, its production still has impacts on the environment. Examining 
resource consumption, energy requirements, and emissions from a life cycle point of view 
(production to distribution) gives a complete picture of the environmental burdens associated with 
the hydrogen supply chain. Some LCA-based approaches for hydrogen production processes are 
listed in Table 2.10.  
TABLE 2.10 REVIEWS ON LCA OF HYDROGEN PRODUCTION BASED ON (BHANDARI ET AL., 2012) 
Authors Title 
(Boyano et al., 2011) Exergo-environmental analysis of a steam methane reforming process for 
hydrogen production 
(Cetinkaya et al., 2012) Life cycle assessment of various hydrogen production methods 
(Dufour et al., 2012) Life cycle assessment of alternatives for hydrogen production from 
renewable and fossil sources 
(Hacatoglu et al., 2012) Comparative life cycle assessment of hydrogen and other selected fuels 
(Koroneos et al., 2008) Hydrogen production via biomass gasification. A life cycle assessment 
approach 
(Lee et al., 2010) Life cycle environmental and economic analyses of a hydrogen station with 
wind energy 
(Ozbilen et al., 2011) A comparative life cycle analysis of hydrogen production via 
thermochemical water splitting 
(Spath and Mann, 2004) Life cycle assessment of renewable hydrogen production via 
wind/electrolysis 
(Utgikar and Thiesen, 
2006) 
Life cycle assessment of high temperature electrolysis for hydrogen 
production via nuclear energy 
(Wulf and Kaltschmitt, 
2012) 
Life cycle assessment of hydrogen supply chain with special attention on 
hydrogen refuelling stations 
  
To limit the global mean temperature increase to 2 °C by the middle of this century, roughly 80% 
of the global greenhouse gas (GHG) emissions must be reduced by 2050 using the 1990 baseline. 
This explains why the global warming potential (GWP) is perhaps the most used indicator for 
energy supply chains, and for hydrogen ones in particular. 
(De-León Almaraz et al., 2013) uses the GWP as an indicator of the overall effect of the process 
related to the heat radiation absorption of the atmosphere due to emissions of greenhouse gases 
(CO2-equiv) of the network. The total GWP is the cumulative value of the GWP associated with the 
different echelons of the supply chain, namely, production, storage, and distribution. 
(Guillén-Gosálbez et al., 2010) uses the Eco-indicator 99 framework, focusing their attention on 
only one of its impact categories, that is, damage to human health caused by climate change. The 
units of this metric are disability adjusted life years (DALYs).  
(Hugo et al., 2005) and (Li et al., 2008) propose the analysis and reduction of the environmental 
performance of the competing hydrogen infrastructures using the cumulative WtW (well-to-wheel) 
life cycle GHG emissions that result from delivering hydrogen to the FCEV consumer. 
 
 
 
 
 
Multi-objective optimization strategies for hydrogen supply chains: application to design and deployment 
72 
2.8.3 SOCIAL ASSESSMENT 
Social aspect are perhaps the most difficult to formalize. The social aspects involved in the 
development of the hydrogen economy have been addressed from different perspectives and at 
different levels. Firstly, several studies have been conducted to evaluate hydrogen sustainability 
(Afgan et al., 2007; Chang et al., 2011; Hsu, 2013; Markert et al., 2016; Ren et al., 2013a, 2013b).  
Secondly, other works have focused on the analysis of strategies to narrow the gap toward a 
hydrogen economy (Keles et al., 2008; Moliner et al., 2016; Qadrdan et al., 2008). Lastly, several 
assessments have been performed to evaluate the potential of a hydrogen economy compared with 
other sustainable alternatives, and its acceptance in the future (Ball and Weeda, 2015; Ricci et 
al., 2008; Sgobbi et al., 2016).  
One approach from a social point of view is the real case presented by (Oyama et al., 2016) and 
developed by Kawasaki Heavy Industries, Ltd., focused on inexpensive Australian brown coal, 
which boasts tremendous reserves. (Oyama et al., 2016) have developed the concept of the “CO2-
Free Hydrogen Chain” in which a large amount of hydrogen is imported into Japan by liquefied 
hydrogen carriers after gasifying and refining the brown coal to produce hydrogen. This model 
takes safety into account using Hazard Identification (HAZID) for safety design.  
(Han et al., 2013) have proposed an HSC model optimizing a risk safety objective considering the 
cumulative risk of production sites, storage sites, and of transportation. 
In addition to economic objectives, (Kim and Moon, 2008) have also considered a risk index. The 
index is based on three subrisk indexes according to the types of hydrogen activities: hydrogen 
production, storage, and transportation. In addition, the index takes into account the 
characteristics of the regions (e.g., the population density) in which hydrogen activities are 
performed. 
More recently, other studies (Cantuarias-Villessuzanne et al., 2016; Creti et al., 2015) have also 
investigated the social effects of developing a hydrogen economy, for electromobility applications. 
(Cantuarias-Villessuzanne et al., 2016) have quantified the societal benefits for the reduction of 
greenhouse gas emissions and social costs for the increase of platinum consumption in the 
manufacture of fuel cells. According to their study, the social balance is positive, including also 
platinum depletion, generating net savings for Europe.   
2.9 CONCLUSIONS 
In this chapter, the key components of an HSC have presented. An HSC involves a variety of 
energy sources, production, storage, transportation options, and supply of hydrogen to the 
refuelling stations. Obviously, the individual component models form the framework by which 
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these system designs can be formulated and evaluated. The resulting network will heavily depend 
on the country/region-specific conditions.  
HSC deployment and design is clearly positioned as a multi-objective problem, in a context of 
energy transition with multiple stakeholders and multiple end-users. 
Even though most of the aspects of the HSC infrastructure have been covered in the literature, an 
open question that remains is how the hydrogen infrastructure will back the transition towards 
long-term sustainable hydrogen economies while guaranteeing short- and mid-term system 
economic acceptability, starting from current carbon-based economy. 
This issue has been tackled in several roadmaps but the formulation for optimising 
simultaneously the range of production technologies, scales, transportation modes and CCS 
elements across time and space for solving the transition towards low-carbon energy system and 
in particularly towards a hydrogen economy. Such approach will be required to manage a gradual 
penetration of hydrogen demand. 
All these activities need to be integrated in a systematic modelling framework that allows a more 
precise approach than roadmaps and planning scenarios (as previously explained in chapter 1). 
This analysis emphasizes that achieving the potential benefits of a hydrogen system requires 
careful integration of production, storage and end-use components with minimised cost and 
maximised efficiency, and a strong understanding of environmental impact, reliability and 
opportunities positioning this work in a system modelling approach based on a multi-objective 
optimisation framework. The methods and tools that could be selected are presented in detail in 
the following chapter. 
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CHAPTER 3 
METHODS AND TOOLS FOR HYDROGEN SUPPLY 
CHAIN DESIGN1 
Abstract 
This chapter presents the methods and tools classically used for hydrogen supply chain (HSC) 
design. The main issues addressed here involve the choice of the optimisation strategy in mono and 
multi-objective frameworks as well as decision-aid methods to find a trade-off solution from the so-
called Pareto front. Consecutive use of optimization and decision making techniques can determine 
the type, number and capacity of production plants, storage and transportation units within a 
specific territorial breakdown. Among these strategies, stochastic methods and genetic algorithms 
in particular, have been used more recently for HSC optimization and are well-suited to handle the 
multi-objective optimization problems since they are able to search for Pareto solutions 
simultaneously. More efforts for robust methods are necessary to deal with demand uncertainty 
which is a significant parameter in HSC design. These two issues are specifically addressed in the 
following chapter. 
Résumé 
Ce chapitre présente les méthodes et outils classiques utilisés pour la conception de la chaîne 
logistique « hydrogène » (HSC). Les principaux problèmes abordés ici impliquent le choix de la 
stratégie d'optimisation dans des cadres mono et multi-objectifs ainsi que des méthodes d'aide à la 
décision pour trouver une solution de compromis du front de Pareto. L'utilisation consécutive des 
techniques d'optimisation et de prise de décision peuvent déterminer le type, le nombre et la 
capacité des unités de production, des unités de stockage et de transport dans un territoire 
spécifique. Parmi ces stratégies, les méthodes stochastiques et les algorithmes génétiques en 
particulier, ont été utilisés plus récemment pour l'optimisation de chaînes logistiques «hydrogène et 
sont bien adaptées pour gérer les problèmes d'optimisation multi-objectifs en raison de leur 
potentiel de  recherche simultanée de solutions Pareto. La littérature mentionne également le 
recours nécessaire à des méthodes robustes et sophistiquées pour traiter l'incertitude de la 
demande qui est un paramètre important dans la conception des HSC. Ces deux questions sont 
spécifiquement abordées dans le chapitre suivant. 
                                                     
1
 Ochoa Robles, J., Azzaro-Pantel, C., De-Leon Almaraz, S., 2018. Methods and Tools for Hydrogen Supply 
Chain design, in: Design, Deployment and Operation of a Hydrogen Supply Chain. Academic Press 2018, 
Elsevier, Ed. Catherine Azzaro-Pantel, ISBN: 9780128111970. (à paraitre 01/07/2018) 
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Keywords: Hydrogen Supply Chain Design, mono-objective optimization, multi-objective 
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Acronyms 
AHP Analytic hierarchy process 
AML Algebraic modelling languages 
ANP Analytic network process 
AUGMECON Augmented ε-constraint method 
CCS  Carbon Capture and Storage 
DEMATEL Decision making trial and evaluation laboratory 
DP Dynamic programming 
ELECTRE Elimination and Choice Translating Reality 
GA Genetic algorithms 
GHG Greenhouse Gas 
GIS Geographic information systems 
HFCV Hydrogen Fuel Cell Vehicle 
HSC Hydrogen supply chain 
LCA Life Cycle Assessment 
LCC Life Cycle Costing 
LP Linear programming 
MCDM Multi-Criteria Decision Making 
MILP Mixed Integer Linear Programming 
MINLP Mixed Integer Nonlinear Programming 
M-TOPSIS Modified TOPSIS 
NIS Negative Ideal Solution 
NPV Net Present Value 
NSGA-II Non-dominated sorting genetic algorithm 
PCA Principal Component Analysis 
PEM Proton exchange membrane 
RA Risk Assessment 
RHS Right-hand-side 
SAA Sample average approximation 
SC Supply chain 
SCND Supply chain network design 
SCM Supply chain management 
SO Solid oxide 
TOPSIS Technique for Order Preference by Similarity to Ideal Solution 
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3.1 INTRODUCTION 
This chapter presents the different approaches that can be used for the solution of hydrogen 
supply chain design problem. The reader must be aware that this chapter constitutes a 
companion paper to the following chapters of this manuscript. The objective is to propose 
guidelines for the methodological choices that emerge as the best options for solution strategies. 
Some of the formulations are illustrated in the dedicated chapters of this manuscript. 
HSC analysis and design can be viewed as a multiscale and multi-objective problem, with several 
criteria related to cost, environmental impact, and safety, among others. Some of the decisions 
that must be made in HSC design are as follows: what are the best places to build hydrogen 
production facilities? How large should the facilities be? Where does each facility get its feedstock 
from? What kinds of energy sources and production technology constitute the best choices? Which 
demand centres are served by each production facility? Which mode of hydrogen delivery is used 
for each demand centre? These questions must be answered by considering simultaneously the 
abovementioned criteria. 
This chapter is divided into 2 sections. Section 3.2 first presents the description of some 
optimization frameworks according to the type of problem (e.g., linear, nonlinear) and some 
significant solution strategies that can be used. The HSC problem can be viewed as an 
optimization problem with both integer (number of production plants, storage facilities, and 
transport units) and continuous variables (e.g., hydrogen production and flow rates). This section 
also distinguishes the mono and multi-objective formulations. Section 3.3 focuses on multi-
objective optimization methods because they are well suited to the HSC problem. Special 
attention is paid to the chosen techniques. Some approaches for decision support orientation 
based on multicriteria decision aid following the multi-objective optimization step are also 
reviewed. At the end of this section we examine how the HSC design optimization framework can 
be linked with a spatially detailed infrastructure model. Finally, this chapter ends with some 
guidelines that can be useful for the practitioner. 
3.2 METHODOLOGICAL FRAMEWORKS FOR SUPPLY CHAIN DESIGN 
In the design and management of a supply chain, the best global performance should ideally be 
sought, so as to achieve better performance of a single link of the chain. The decisions that must be 
made involve different levels of the supply chain and need to be supported by robust tools to 
evaluate the impact of various decisions prior to implementing them in the real environment. In 
this context, system modelling is used to predict the behaviours of the supply chain as variations 
of network configurations. Supply chain modelling aims at minimizing or maximizing an objective 
function through the identification of decisions and trade-off solutions that satisfy conflicting 
objectives at the same time, so that optimization approaches, which are generally based on 
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mathematical models, are largely used to design supply chains (Akgul et al., 2014; Kim et al., 
2011; Liu and Papageorgiou, 2013; Pishvaee et al., 2011). 
3.2.1 GENERAL DECISION LEVELS IN A SUPPLY CHAIN  
Several decision levels are classically considered in a supply chain related to different time 
horizons:  
• Strategic planning: this level refers to a long-term horizon (several years) and has the 
objective of identifying strategic decisions for a production network and defining the 
optimal configuration of a supply chain: capacity sizing, technology selection, sourcing, 
facility location, production allocation among others. Future demands resource and 
management for the entire supply chain must be anticipated. 
• Tactical planning: this level refers to a mid-term horizon (around 1 year) and has the 
objective of fulfilling demand and managing material flows, with a strong focus on the 
trade-off between the service level and cost reduction:  production allocation, supply chain 
coordination, transportation policies, inventory policies, safety stock sizing… 
• Operational planning: this level refers to a short-term period (1 day to 1 year) and has the 
objective of determining material/logistic requirement planning: allocation of customer 
demands, vehicle routing, and plant scheduling… 
3.2.2 METHODS FOR SUPPLY CHAIN (SC) MANAGEMENT AND DESIGN  
Different methods and tools have been used and reported in the supply chain management 
(SCM) and design literature (see Table 3.1 for some examples) and are not specific to the HSC 
case.  
The literature review shows that the most common approach in designing   and modelling supply 
chains is optimization through mathematical models. As opposed to simulation based 
approaches, these models utilize formal optimization techniques to allow advanced decisions to be 
captured and to provide comprehensive integrated solutions (Hugo et al., 2005). The aim of such 
methods is to find optimal configurations according to some specific criteria (e.g., economic, 
safety, environmental aspects). One of the main advantages of this type of modelling is that 
mathematical models form a bridge to the   use of high-powered mathematical techniques and 
computers to analyse the problems (Hillier and Lieberman, 2001). 
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TABLE 3.1 DIFFERENT WAYS TO OPTIMIZE SCM 
Technique Reference Application 
Linear 
programming 
(Kim et al., 2011) 
 
 
(Liu and 
Papageorgiou, 
2013) 
 
(Perea-López et al., 
2003) 
 
 
(Pishvaee et al., 
2011) 
 
 
(Soylu et al., 2006) 
 
(Tsiakis and 
Papageorgiou, 
2008) 
 
(van Dyken et al., 
2010) 
Optimal design of biomass SC network under uncertainty, in the 
South-eastern region of the United States. 
 
Global process SC optimization problem, considering cost, 
responsiveness and customer service level simultaneously. 
 
 
Predictive control strategy to find the optimal decision variables 
to maximize profit in SC with multiproduct batch plants. 
 
Robust optimization model for handling the inherent uncertainty 
of input data in a closed-loop SC network design problem in 
business environment. 
 
Systematic approach to identify the synergy among different 
energy systems. 
 
Optimal configuration of a production and distribution network 
subject to operational and financial constraints. 
 
 
Biomass supply chain with different types and the relationship 
between moisture and energy. 
Non-linear 
programming  
 
(Akgul et al., 2014) 
 
 
(Shabani and 
Sowlati, 2013) 
Model of carbon negative energy generation in the UK to 
examine the potential for existing power generation assets. 
 
SC configuration of a typical forest biomass power plant.  
Dynamic 
programming 
(DP) 
(Buffett and Scott, 
2004) 
 
(Choi et al., 2006) 
 
(Gigler et al., 2002) 
Optimization of the inventory level and minimization of the total 
cost. 
 
A multiproduct supply chain under demand uncertainty. 
 
DP model for an agricultural chain of willow biomass fuel to an 
energy plant. 
Markov chains  
(Busse et al., 2012) 
 
(Kurata and Liu, 
2007) 
Price interdependencies between the German biodiesel and 
related agricultural and energy markets. 
 
Determination of the frequency of the price discount, including 
or excluding a supplier’s inventory decision. 
Analytical 
hierarchy (AH) 
(Haq and Kannan, 
2006) 
Evaluation of vendor selection in a company in the southern part 
of India. 
Analytical 
network process  
(ANP) 
(Agarwal et al., 
2006) 
 
 
(Tseng et al., 2009) 
SC encapsulating market sensitiveness, process integration, 
information driver and flexibility measurement. 
 
Novel hierarchical evaluation framework to assist the expert 
group for optimal supplier selection in SC management strategy. 
Network 
equilibrium 
model  
(Nagurney and 
Toyasaki, 2005) 
Reverse supply chain management of electronic waste, including 
recycling. 
Game theory  
(Bai et al., 2012) SC design incorporating farmers' decisions on land use and 
market choice into the biofuel. 
Fuzzy and 
neuro-fuzzy  
(Shaw et al., 2012) Integrated approach for selecting the appropriate supplier in the 
supply chain, addressing the carbon emission issue. 
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The use of mathematical programming for designing a supply chain, consists of three major steps 
as reported in (Grossmann et al., 2000): 
i. The representation of all possibilities from which the optimal solution is extracted by 
defining the so-called superstructure: a superstructure is defined as the set of all possible 
connections in a network.  
ii. The formulation of a mathematical model includes generally discrete and continuous 
variables. The main components of a model are:  
a) the optimisation criteria which are expressed as mathematical functions, and  
b) the constraints which can be either of equality or inequality type.  
iii. The resolution of the mathematical model to determine one or more optimal solutions. 
 
Traditionally, the main focus of the research studies dedicated to supply chains has been 
minimizing the overall cost or maximizing the total revenue as a single-objective optimization 
problem.  
The most common optimization frameworks for capturing SC problems are summarized in Figure 
3.1. These can be classified as either linear or nonlinear programming or dynamic programming. 
Initially, the majority of these studies were based on a mono-objective formulation. 
 
FIGURE 3.1 CLASSIFICATION OF THE MAIN METHODS OF OPTIMIZATION ADAPTED FROM (COLLETTE AND 
SIARRY, 2003) 
3.2.2.1 LINEAR FORMULATION 
A linear formulation is used when the problem (objective functions and constraints) is linear 
(Hillier and Lieberman, 2001). Two methods can be used, linear programming (LP) and mixed 
integer linear programming (MILP).  
LP models are used for the efficient allocation of limited resources in known activities in order to 
meet the desired goals (for instance, maximizing profits or minimizing costs). Linear 
programming problems can involve decision variables that can take integer values. When integer 
variables are restricted to the binary variables (0–1), the corresponding problem is called the 
binary integer programming problem. An integer variable can be defined such that it determines 
whether a processing unit should be invested in or not.  
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In the case of both integer and continuous variables, the problem is referred as a mixed-integer 
linear programming one. Because of its capability to naturally capture logical conditions, 
applications of MILP have been widespread in areas of investment planning, supply chain, and 
logistics management, energy industry planning, engineering design, and production scheduling 
(Hugo et al., 2005). MILP methods consist of maximizing or minimizing an objective function as a 
function of parameters, variables, and several constraints on these variables (Haeseldonckx and 
D’haeseleer, 2011).  
The use of integer variables in general and, binary ones in particular, dramatically broadens the 
capabilities of linear programming modelling, enabling the disjunction of constraints, the logical 
implication and general restrictions to the model incorporating certain nonlinear behaviours of 
reality. Many practical optimization problems lead to the consideration of an extremely large 
number of feasible solutions, so that the problem can be viewed as a combinatorial one. 
The solution of the system of linear equations that are involved in the problem formulation can be 
performed by using the Gauss-Jordan method. When problems become larger (more parameters, 
variables and constraints), the Gauss-Jordan method is generally combined with a branch-and-
bound method in order to converge to an optimal solution as quickly as possible (Haeseldonckx and 
D’haeseleer, 2011).  
Mathematically, the MILP problem can be expressed as follows:  
$%&		'(	 + 	)* 
subject to   
+(	 + 	,* ≥ 	.	
/	 < ( < 	1 
*	 = 	 {0,1,2, . . }	
where x is a vector of variables that are continuous real numbers, and y is a vector composed of 
variables that can only take integer values. In this expression, '(	 + 	)* is the objective function, 
and +(	 + 	,* ≥ 	.  represents the set of constraints. L and U are vectors of lower and upper 
bounds on the continuous variables, and *	 = 	 {0,1,2, . . } represent the integer variables.  
With regard to the solution of the MILP problems, several algebraic modelling languages (AML) 
were developed with the aim of allowing users to express LP and other optimization problems in a 
natural, algebraic form similar to the original mathematical expressions, such as AIMMS, AMPL, 
GAMS, etc. For instance, GAMS includes well-known algorithms for the solution of MILP (Geletu, 
2008): Branch & Bound, Benders Decomposition, Cutting Plane (Gomory) algorithm and Branch 
& Cut. Usually these algorithms are used in combination with the simplex algorithm and/or the  
interior-point  method. For instance, some of the solvers that can solve MILP problems are 
BARON, BDMLP, LINDO GLOBAL, MOSEK, OSL, XPRESS, and CPLEX (Mansini et al., 2015). 
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It must be highlighted that linear programming is the most used technique to optimize the SC. 
Several applications can be found, such as biomass supply chains (Kim et al., 2011; van Dyken et 
al., 2010), the optimization of the SC under financial constraints (Liu and Papageorgiou, 2013; 
Tsiakis and Papageorgiou, 2008), in energy systems (Soylu et al., 2006), in business environment 
(Pishvaee et al., 2011) or in multi-product batch plants (Perea-López et al., 2003). 
3.2.2.2 NONLINEAR FORMULATION 
The nonlinear formulation can be tackled by two main methods, either deterministic or stochastic 
algorithms procedures. In the nonlinear deterministic models, no randomness is associated. Then, 
given a particular input, a deterministic algorithm obviously produces the same type of output 
(Prawda, 2004).  
Mixed integer nonlinear programming (MINLP) refers to mathematical programming with, on the 
one hand, continuous and discrete variables, and, on the other hand, nonlinearities in the 
objective function(s) and constraints. The use of MINLP is a deterministic approach of 
formulating problems where it is necessary to simultaneously optimize the system structure 
(discrete variables) and its parameters (continuous variables). MINLP problems are difficult to 
solve because they combine all the difficulties of both of their subclasses: the combinatorial nature 
of mixed integer programs and the difficulty in solving nonconvex (and even convex) nonlinear 
programs (Bussiec and Pruessner, 2003). 
The general form of a MINLP is: 
$%&		5((, *) 
subject to   
8((, *) 	≤ 	0	
(	 ∈ 	;	
*	 ∈ 	<	
The function 5((, *) is a nonlinear objective function and 8((, *)	 a nonlinear constraint function. 
The variables x, y are the decision variables, where y is required to be an integer vector. X and Y 
are bounding-box-type restrictions on the variables. Nonlinear formulations with mathematical 
MINLP can be found in  (Akgul et al., 2014; Shabani and Sowlati, 2013). 
Stochastic programming is used when random-valued parameters and objective functions subject 
to statistical perturbations are part of the problem formulation (Coello et al., 2007). The stochastic 
models can incorporate uncertainty in parameters, such as demand, costs, potential sites, and 
distances, and then fall into probabilistic approaches and scenarios (Patay, 2008). Metaheuristics 
cannot guarantee that an optimum can be obtained. The stochastic methods are divided into 
neighbourhood techniques, such as Simulated Annealing, Tabu Search, and evolutionary 
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algorithms, and among others genetic algorithms, evolutionary strategies, and evolutionary 
programming (Tabkhi, 2007). 
3.2.2.3 DYNAMIC PROGRAMMING 
Dynamic programming (DP) is an optimization approach that changes a complex problem into a 
less complex one by separation of the problem into simpler and smaller problems (Bellman and 
Dreyfus, 1962) (Momoh, 2008). The method used by dynamic programming is recursive, which 
means that the method calls itself, adding information each time, until the conditions of stopping 
are met. 
According to (Chinneck, 2006), the method steps are the following ones: 
1. Dividing the problem in small problems and finding the optimum solution for each small 
problem. 
2. Enlarging the small problem and finding the optimum solutions to the next problem using 
the previously found optimum solution. 
3. Continuing with the second step until the enlarged problem encompasses the entire 
original problem. 
4. Tracking back the solution of the entire problem from the optimum solutions to the small 
problems solved along the way. 
The requirements of this technique are (García and Moreno, 2000): 
• The solution to the problem must be reached through a sequence of decisions, each one in 
each step. 
• Such sequence of decisions must satisfy the optimum principle. 
Several works using dynamic programming for supply chain problems have been reported in the 
dedicated literature. (Williams, 1983) develops a dynamic programming algorithm for 
simultaneously determining the production level and distribution batch sizes at each node within 
a supply chain network. 
(Buffett and Scott, 2004) propose a technique for use in supply chain management that assists the 
decision-making process for purchase of direct goods. Based on projections for future prices and 
demand, request-for-quotes (RFQs) are constructed and quotes are accepted that optimize the 
level of inventory each day, while minimizing total cost. The problem is modeled as a Markov 
decision process (MDP) and Dynamic programming is then used to determine the optimal quote 
requests and accepts at each state in the MDP. 
A similar approach has been adopted by (Choi et al., 2006) for multiproduct supply chains under 
uncertainty modelled through Markov chains. They use an approach based on stochastic dynamic 
programming (DP), which can generate a dynamic operating policy that incorporates information 
about the uncertainty in the problem at each time step. 
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(Gigler et al., 2002) have also developed a methodology for optimization of agricultural chains 
using DP, taking into account quality development of a product as a function of the process 
conditions. The methodology optimizes the route of the chain that returns the minimum integral 
cost. DP has been firstly applied to a supply chain of bananas (four stages) and then to a chain of 
willow biomass fuel to an energy plant (7 stages).  
Even if dynamic programming is a very elegant framework for analysing supply chain systems, it 
is mostly used at a theoretical level to characterize the optimal policy. This approach is yet 
limited in its applicability; as the number of state variables increases, the state space size grows 
exponentially, a phenomenon known as the curse of dimensionality, rendering the standard 
dynamic programming approach impractical.  
3.2.2.4 OTHER METHODS FOR SUPPLY CHAIN MODELLING 
In contrast to optimization methods, many researchers have developed an equilibrium model of 
competitive supply chain networks (Nagurney et al., 2002). The equilibrium model captures both 
the independent behaviour of the various decision makers as well as the effect of their 
interactions. The equilibrium model is drawn from economics and, in particular, from network 
economics. (Nagurney et al., 2002) developed a supply chain network equilibrium model for the 
case of consumers demand for the product that can be expressed as a deterministic function.  
Queuing models, such as Markov chains, have also been used to investigate supply  chain  
problems  for  many  years  (e.g., Toktaş-Palut and Ülengin, 2010), in the determination of 
biodiesel price (Busse et al., 2012) or discounted prices (Kurata and Liu, 2007). 
Markov chains can be described as follows: let us denote S a set of states, = = {>
, >, … , >}. The 
process starts in one of these states and moves successively from one state to another. Each move 
is called a step. If the chain is currently in state >
, then it moves to state >@ at the next step with 
a probability denoted by AB@, and this probability does not depend upon which states the chain was 
before the current state. In some SCs, the probabilities are used to model the times of some tasks. 
Game theory can be defined as “the study of mathematical models of conflict and cooperation 
between intelligent rational decision makers.” It provides general mathematical techniques for 
analysing situations in which two or more individuals make decisions that will influence one 
another’s welfare (Myerson, 2013). In SC, for example, (Majumder and Groenevelt, 2001) present 
a two-period model of remanufacturing. An original equipment manufacturer competes with a 
local remanufacturer under many reverse logistics configurations. Another example is support in 
the decision between land use and market choice for biofuel (Bai et al., 2012). 
Neural networks and fuzzy systems combine the advantages of fuzzy systems (e.g., interpretability, 
use of vague or inexact data) with the learnability of neural networks, so that the parameters of 
fuzzy systems can be learnt by neural networks according to existing requirements. In (Marx-
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Gomez et al., 2002), fuzzy logic is used to forecast the prognoses for the amount of time of 
returned product, and in (Shaw et al., 2012) to select the correct supplier. 
3.2.2.5 MULTI-OBJECTIVE FORMULATION 
Multi-objective optimization is now a popular approach to modelling supply chains, especially 
green supply chains  (Srivastava, 2007) and in particular  for sustainable design of distributed 
energy supply systems because it allows for the antagonistic objectives of economic and 
environmental performance to be evaluated and optimized simultaneously. Trade-off solutions 
are found through this approach giving the decision makers a way to incorporate many objectives 
and preferences in a single decision framework.   
The general formulation of a multi-objective optimisation problem is: 
$%&		C5
((), 5((), … , 5D(()E 
subject to   
8(() 	≤ 	0 
ℎ(() = 	0	
(	 ∈ 	=	
where fi (with i =1 to k) is a function of GH
 × C0,1EH	%&	G , 8(() ∈ 	GJ , ℎ(() ∈ 	GK  and x is an 
element of S. GH
 × C0,1EH	%&	G. 
Such an optimization scheme is implied when there is a conflict between    two or more objectives, 
even if the most profitable infrastructure may not necessarily be the least environmentally 
damaging. Because of this trade-off, there is no single solution to this class of problem, but rather 
a set of nondominated solutions called Pareto front. A solution belonging to the Pareto front is said 
to be Pareto-optimal if there are no other solutions that can better satisfy all of the objectives 
simultaneously and any improvement in one objective leads to the worsening of at least one other 
objective.  
Several solution methods have been developed for multi-objective optimisation problems and can 
be classified as the a priori, a posteriori and hybrid methods (Collette and Siarry, 2003) including 
scalar, interactive, fuzzy and meta-heuristic methods (see Figure 3.2). 
A priori preference methods 
With these methods, the decision maker defines the trade-off to be applied (preferences) before 
running the optimization method. The aggregative methods belong to this family (in which the 
objective functions are gathered into one objective function). More precisely, the weighted sum, 
goal programming, and lexicographic methods (among others) can be mentioned (Collette and 
Siarry, 2003). The drawback is that the decision maker never sees the whole picture (the set of 
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efficient solutions). Hence, the most preferred solution is “most preferred” in relation to what the 
decision maker has for comparison so far (Mavrotas, 2009, 2007). 
 
FIGURE 3.2 MULTI-OBJECTIVE OPTIMISATION METHODS 
Weighted sum 
The goal of the weighted sum is to transform the problem so that it turns into a mono-objective 
optimization problem, for which various methods of solution exist. The simplest way to proceed is 
to take each objective function, associate a weight with the objective function, and then take a 
weighted sum of objective functions. Hence, a new, unique objective function is obtained. The 
weighting factors are assigned a priori, and are modified to obtain the Pareto front, with all 
nondominated solutions (or satisfactory solutions). The major problem with this method is the 
variation of the weighting factors, which often leads to Pareto fronts with a low density of 
solutions (Hernandez-Rodriguez, 2011). It can be used only when the feasible space of values of the 
objective function is convex. In the weighting method, the weighted sum of the objective functions 
is optimized. The problem is stated as follows: 
$%&		 LM
 × 5
(() + M × 5(() + ⋯+ MK × 5K(()O 
subject to 
8(() 	≤ 	0 
ℎ(() = 	0	
(	 ∈ 	=	
By varying the weights wi it is possible to obtain different efficient solutions.  
Lexicographic method 
Lexicographic problems arise naturally when conflicting objectives exist in a decision problem but 
for reasons outside the control of the decision maker, the objectives have to be considered in a 
hierarchical manner (Khorram et al., 2010). This method can be viewed as an “a priori” approach 
with aggregation using constraints in a decoupled method. In the lexicographic ordering, the 
objectives are ranked according to the order of importance. The optimization process starts 
minimizing the most important objective and proceeds according to the assigned order of 
importance of the criteria. An alternative is to randomly select an objective when there is no more 
rank available. One disadvantage of this method is that it tends to favour certain objectives, 
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making the Pareto front converge to a particular region. The main advantage is its simplicity and 
computational efficiency, making it competitive with other ideas, such as weighted sum of 
objectives (Collette and Siarry, 2003). In general, the lexicographic problem can be expressed as 
follows: 
/#(P%&		{5
((), 5((), … , 5(()} 
subject to 
8(() 	≤ 	0 
ℎ(() = 	0	
(	 ∈ 	=	
In order solve it, the following procedure known as the sequential method is adopted. First, 
minimise 5
((), and determines an optimal solution (∗(5
((∗) = R
). The problem is then solved 
minimising 5(() subject to 5
((∗) = R
, and so on at the q iteration:  
/#(P%&		S5T((): 5B(() ≤ RB , % = 1, … , V − 1W 
subject to 
8(() 	≤ 	0 
ℎ(() = 	0	
(	 ∈ 	=	
If either the last equation has a unique optimum or q = r, then its optimal solution is a pre-
emptive optimum. Otherwise, one proceeds to iteration q + 1 (Khorram et al., 2010). 
A posteriori preference methods 
With these methods, the decision maker chooses the solution by examining solutions computed by 
the optimization model. Methods belonging to this family produce, at the end of the optimization, 
a trade-off surface (Collette and Siarry, 2003). This kind of method produces many solutions, 
whereas only one will be chosen by the decision maker, and a lot of time may be invested to find 
the Pareto front. The value of using this kind of method within a multicriteria optimization 
framework is that it does not require the a priori articulation of preferences by the decision maker. 
Instead, the aim is to generate the full set of trade-off solutions and not to present only one single 
“best” alternative. From the set of alternatives, the decision maker can then further investigate 
interesting trade-offs and ultimately select a particular strategy that satisfies his/her willingness 
to compromise (Hugo et al., 2005). In the a posteriori method, the solutions of the problem are 
generated and then the decision maker is involved, in order to select among them, the most 
preferred one. 
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Metaheuristic methods  
Metaheuristic methods can be used as a non-aggregative approach. They are particularly useful to 
treat problems known as “black box” ones in which no mathematical property of the problem is 
known (Boix, 2011). This category includes genetic algorithms, tabu search, simulated annealing, 
ant colonies, neural networks, etc. In the case of the HSC, this method has been rarely used 
(Nepal et al., 2011) because linear constraints and equality constraints (balance equations must be 
satisfied with a small tolerance, gap inferior to 0.001%) are involved in a major way in the 
formulation. 
The ε-constraint method  
In the ε-constraint method, introduced by (Haimes et al., 1971) all but one of the objectives are 
converted into constraints by setting an upper or lower bound to each of them, and only one 
objective is to be optimised (Liu and Papageorgiou, 2013). By varying the numerical values of the 
upper bounds, a Pareto front can be obtained. The ε-constraint technique fits into the family of “a 
posteriori” approaches with aggregation using constraints in a decoupled method (Collette and 
Siarry, 2003). This method presents some advantages compared to the a priori methods, for 
example, for linear problems, the weighting method is applied to the original feasible region and 
results in a corner solution (extreme solution), thus generating only efficient extreme solutions. 
Yet, the ε-constraint method alters the original feasible region and can produce nonextreme 
efficient solutions. An additional advantage of the ε-constraint method is that the number of the 
generated efficient solutions can be controlled by properly adjusting the number of grid points in 
each one of the objective function ranges.  
In the ε-constraint method, one of the objective functions is optimized using the other objective 
functions as constraints, incorporating them in the constraint part of the model as shown below: 
$%&	5
(() 
subject to 
5(() ≤ X	
5Y(() ≤ XY	
5K(() ≤ XK	
(	 ∈ 	=	
By parametrical variation in the right-hand-side (RHS) of the constrained objective functions (εi), 
the efficient solutions of the problem are obtained. This method is yet easy to implement even if 
in some cases, an intensive computation time is required. 
However, one of its key disadvantages is that the generated solution largely depends on the 
selected vector ε (Liu and Papageorgiou, 2013), the main difficulty of this method lies in 
determining Nadir points (where the criteria are their worst values). To tackle this problem, a 
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hybrid method can be used as the augmented ε-constraint method (AUGMECON) proposed by 
(Mavrotas, 2009, 2007). 
Hybrid methods 
The works reported in (Mavrotas, 2009, 2007) shed new light on determining Nadir points 
combining the ε-constraint method with the lexicographic one. According to (Liu and 
Papageorgiou, 2013), the decision makers may not have any preference for any objective, that is, 
all the objectives are equally important. In this case, it is crucial to generate a fair solution in which 
all normalized objective function values are as close to each other as possible. In order to generate 
such solutions, the lexicographic can easily be coupled to the ε-constraint method.  
The AUGMECON method (Mavrotas, 2009, 2007) is an effort to effectively implement the ε-
constraint method for producing efficient solutions. To determine Utopia and Nadir points in the 
classical ε-constraint method, the most common approach is to take upper and lower bounds from 
the payoff table (the table with the results from the individual optimization of the p objective 
functions). In a minimization problem, the Nadir value is usually approximated with the 
maximum of the corresponding column. However, even in this case, it must be sure that the 
obtained solutions from the individual optimization of the objective functions are efficient 
solutions. In order to overcome this limitation, the AUGMECON method proposes the use of 
lexicographic optimization for every objective function in order to construct the payoff table with 
only efficient solutions. A simple remedy to bypass the difficulty of estimating the Nadir values of 
the objective functions is to define reservation values for the objective functions. The reservation 
value acts like a lower (or upper for minimization objective functions) bound. Values worse than 
the reservation value are not allowed. 
3.2.2.6 MULTIPLE CRITERIA DECISION MAKING APPROACHES 
Designing sustainable supply chains requires complex decision support models that must deal 
with multiple dimensions of sustainability while taking into account specific characteristics of 
products and their supply chain. When the decision space involves continuous variables, multi-
objective optimization techniques, such as mathematical programming problems with multiple 
objective functions, can be used as abovementioned. Yet multi-objective optimization techniques 
lead to a set of alternatives, among which the decision maker has to choose a solution for 
implementation purposes. In that context, multicriteria decision making (MCDM) that deals with 
discrete decision spaces where the decision alternatives are predetermined is a useful approach to 
quantify trade- offs between economic, social, and environmental criteria. The analysis of the 
dedicated literature shows that the use of MCDM approaches for designing SCs is a rather new, 
but emerging, research field (Banasik et al., 2016).  Many of the MCDM methods share the 
concepts of alternatives and attributes. A set of finite alternatives represent different choices of 
action available to the decision maker. Alternatives need to be prioritized with respect to the 
multiple attributes with which the MCDM problems are associated. Attributes are also referred to 
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as goals or decision criteria, and may be in conflict with each other, may not be easily represented 
in a quantitative way and may be stochastic or fuzzy. Without being exhaustive, some of the most 
used MCDM methods are the following ones:  
AHP/ANP: Analytic hierarchy process (AHP) is a pairwise comparison-based method proposed by 
(Saaty, 1980). An MCDM problem is first formulated as a hierarchy including several levels. The 
first level represents the goal, the second level shows the main decision criteria, the next levels 
show the sub criteria, and the last level indicates the alternatives. The elements of each level are 
compared in a pairwise fashion forming a pairwise comparison matrix.  
The Analytic Network Process (ANP) developed by (Saaty, 1996) is a multistage decomposition 
method used to solve decision making problems involving more than one criterion. It is a 
comprehensive decision-making technique that captures the outcome of the dependence and 
feedback within and between the clusters of elements. Analytical hierarchy process (AHP) (Saaty, 
1980) serves as a starting point of ANP. ANP consists of two steps, the first is a control hierarchy 
or network of criteria controlling the interactions and the second is a network of influences among 
the elements and clusters. It can be said that ANP uses a network without levels, as it is used in 
AHP (Ravi et al., 2005). Typically, in AHP the top element of the hierarchy is the overall goal for 
the decision model. ANP can treat complex problems with strong dependencies among factors 
(Sarkis, 1999). 
ELECTRE: The ELECTRE (Elimination and Choice Translating Reality) method was introduced 
by  (Roy, 1968). The basic concept of the ELECTRE method is to deal with “outranking relations” 
by using pair wise comparisons among alternatives under each one of the criteria separately.  The 
decision maker is requested to assign weights or importance factors in order to express their 
relative importance. The ELECTRE method elicits the so-called concordance index defined as the 
amount of evidence to support the conclusion that alternative Aj outranks or dominates, 
alternatives Ai, as well as the discordance index the counter-part of the concordance index. 
ELECTRE method is sometimes unable to identify the most preferred alternative. It only 
produces a core of leading alternatives. This method has a clearer view of alternatives by 
eliminating less favourable ones. This method is especially convenient when there are decision 
problems that involve a few criteria with a large number of alternatives saving much time. 
TOPSIS/M-TOPSIS: TOPSIS (Technique for Order Preference by Similarly to Ideal Solution) 
was developed by (Hwang, and Yoon, 1981) as an alternative to the ELECTRE method and  can 
be considered as one of its most widely accepted variants. The basic concept of this method is that 
the selected alternative should have the shortest distance from the Positive Ideal Solution (PIS) 
and the farthest distance from the Negative Ideal Solution (NIS) in a geometrical sense. Yet, one 
of the problems related to TOPSIS is that it can cause the phenomenon known as rank reversal 
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(García-Cascales and Lamata, 2012), in which the alternative order of preference changes when 
an alternative is added to or removed from the decision problem.  
(Ren et al., 2007) presented a novel, modified TOPSIS (M-TOPSIS) method to evaluate the 
quality of the alternative and to deal the rank reversal problem. In M-TOPSIS, the positive ideal 
solution (D+i) and negative ideal solution (D−i) in finite planes are found (as in the TOPSIS 
Method) at first; and then, the D+ D− plane is constructed.  D+ is the x-axis and D− is the y-axis. 
The point (D+i, D−i) represents each alternative (i = 1, 2…, n). The point A (min(D+i), max(D−i)) is 
the “optimized ideal reference point”. Finally, the relative distance from each evaluated 
alternative to the ideal reference point (A) is calculated to determine the ranking order of all 
alternatives. 
3.2.2.7 SUPPLY CHAIN NETWORK DESIGN UNDER UNCERTAINTY 
Uncertainty in the supply chain is an issue that is difficult to deal with, and that increases the 
complexity of a supply network. Supply chain uncertainty can be defined by the lack of 
information about the environment of the supply chain, about the processing capacities or the 
lack of prediction of the impact of some control actions (van der Vorst and Beulens, 2002). 
Three sources of uncertainty can be identified as upstream (supply) uncertainty, internal 
(process) uncertainty, and downstream (demand) uncertainty (Davis, 1993). Among these three 
sources, the demand is seen as the most severe parameter due to its volatile nature and the 
consequences of an inaccurate forecast. In addition, because some of the relevant technologies are 
still in the process of maturing, many important parameters, such as processing costs and yields, 
are highly uncertain. There are also uncertainties regarding the future course of energy policies, 
such as carbon taxes. 
(Grossmann and Guillén-Gosálbez, 2010) reviewed major contributions process synthesis and 
supply chain management, including the handling of uncertainty and the multi-objective 
optimization of economic and environmental objectives, and highlighted the need to develop 
sophisticated optimization and decision support tools to help in exploring diverse system 
alternatives under uncertainty. 
The majority  of the  approaches  to managing these sources of uncertainty seek to reduce 
uncertainty at its source, and to cope with it, thereby minimizing its impact on performance 
(Simangunsong et al., 2012). 
Table 3.2 shows the different techniques to treat the uncertainty of the demand. Three  distinct  
methods  are  frequently  mentioned for representing uncertainty (Chen and Lee, 2004):  first,  
the  distribution-based  approach, in which the normal distribution with specified mean and 
standard deviation is widely used for modelling uncertain demands and/or parameters. For 
example, (You and Grossmann, 2008) used normal distributions and triangular distributions to 
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model the demand, transforming the disjunction of the triangular distribution into MINLP 
constraints. Second, in the fuzzy-based approach, the forecast parameters are considered as fuzzy 
numbers with accompanied membership functions. Third and finally, the scenario-based 
approach is a classical approach, in which several discrete scenarios with associated probability 
levels are used to describe the expected occurrence of particular outcomes. Yet, the creation of 
scenarios with their associated probabilities could be a problematic and cumbersome task, 
especially in real-life SC problems. Also, the use of an adequate number of scenarios could lead to 
a large-scale optimization problem that may be computationally time consuming.  
TABLE 3.2 DIFFERENT WAYS TO MODEL DEMAND UNCERTAINTY 
Technique Reference 
Scenario based approach (Tsiakis et al., 2001), (Chen and Lee, 2004), 
(Almansoori and Shah, 2012), (Kim et al., 2008), 
(Nunes et al., 2015) 
Distribution based approach (Gupta and Maranas, 2003), (You and 
Grossmann, 2008) 
Demand generator (Jung et al., 2004) 
Fuzzy based approach (Chen and Lee, 2004), (Peidro et al., 2009) 
Spatially aggregated demand model (Dayhim et al., 2014) 
 
The objective of any SCND under uncertainty is to achieve a configuration with a good 
performance even if uncertain parameters are involved. In general, the uncertainty sources 
include the existing uncertainty in parameters, such as supply, demand, and cost, that are 
inherently uncertain, and  the uncertainty caused by natural or manmade disruptions 
(Govindan et al., 2017).  
3.3 DESIGN OF HYDROGEN SUPPLY CHAINS 
This section highlights the current trends for HSC design regarding the general context of supply 
chain modelling and the typical features of HSC. 
Hydrogen based energy systems have been widely studied and modelled (see Table 3.3). The 
dominant models used to describe them are supply chain models as opposed to equilibrium models 
and are quasi exclusively based on the MILP formulation. 
A variety of potential hydrogen supply chain pathways can be found that make the problem 
original compared to more classical supply chain problems: 
• the variety of feedstock and/or the major energy source from which the hydrogen is 
produced. These include fossil resources, such as natural gas and coal, as well as 
renewable resources, such as biomass and water with input from renewable energy 
sources (e.g. sunlight, wind, wave or hydro-power). The studied cases do not yet include all 
combinations of the factors. Intermittent technologies (wind, photovoltaics) can be used 
independently or in combination; 
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• the variety of technologies to produce (including chemical, biological, electrolytic, 
photolytic and thermo-chemical) store and distribute hydrogen.  
• the size of the facility at which the hydrogen is produced and the transportation 
requirements to deliver it to the customer; 
• the state of the technology used, whether current or to be improved by future 
developments: most hydrogen and fuel cell technologies are still in the early stages of 
commercialisation. The generation of hydrogen from fossil resources (like natural gas), its 
transmission, distribution and use within industry and the refining sector are based on 
mature technologies and applied on a large scale, and are not the main focus of this work, 
but meanwhile, they can help to build early markets and infrastructure. Major differences 
in the degree of maturity of some technologies must be highlighted: although alkaline 
electrolysers are a mature and affordable technology, PEM and SO electrolysers show a 
greater potential to reduce capital costs and to increase efficiency; 
• differences also exist, for example, whether or not the carbon dioxide (CO2) by-product is 
sequestered when hydrogen is produced from fossil fuel;  
• various markets with multiple uses (mobility, power, industry, buildings, and others); 
• multiple stakeholders: policy and government decision makers, strategic investors, 
stakeholders of hydrogen technologies for production, distribution and storage. 
• integration of different geographical scales: regional and national level to develop 
hydrogen solution. 
3.3.1 PROBLEM FORMULATION FOR HSC DESIGN 
As presented in Table 3.3, several methods can be chosen to present the taxonomy of HSC 
problems. Following the guidelines of the general presentation on SC modelling, some typical 
features of HSC are highlighted in what follows. 
3.3.1.1 DETERMINISTIC OPTIMIZATION APPROACHES FOR HSC DESIGN 
Not surprisingly, following the general trends that have been previously observed for SC 
problems, the optimization formulation is the classical way to tackle HSC design with a specific 
focus on MILP as it can be observed in Table 3.3. The inputs of such models are constituted by a 
set of options for the production, storage, and transportation, while the outputs are relative to the 
type, numbers, location, and capacity of the production, storage, and transportation.  
The network design problem can be characterized according to different levels of interest: 
• type of problem: location, allocation, routing, location-allocation, location routing,  
• planning level considering strategic, tactical or operational aspects,  
• temporal dimension for example either static or dynamic,  
• type of data (deterministic, stochastic),  
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• type of approach (optimisation, simulation),  
• horizon time (short, medium or long term),  
• geographic dimension according to the problem definition.  
It must be emphasized that the application of hydrogen to vehicle use serves as an incentive to 
deploy HSC. Several energy sources are generally considered, whether based on fossil fuels or 
renewable origins. 
The model developed in (Almansoori and Shah, 2006) can be considered as a precursor model to 
the optimal design of a network (production, transportation, and storage) for vehicle use in which 
the network is demand driven. The model was applied to a case study in Great Britain. The model 
was then extended in 2009 by the same authors (Almansoori and Shah, 2009) to consider the 
availability of energy sources and their logistics, as well as the variation of hydrogen demand over 
a long-term planning horizon, leading to phased infrastructure development as well as the 
possibility of selecting different scales of production and storage technologies. Other works 
(Almansoori and Shah, 2012) take into account demand uncertainty arising from long-term 
variation in hydrogen demand using a scenario-based approach. The model adds another echelon, 
including refuelling stations and local distribution of hydrogen, minimizing the total daily cost. 
(Guillén-Gosálbez et al., 2010) design an HSC for vehicle use. The design task is formulated as a 
bi-criterion MILP problem. A case study in Great Britain is introduced to illustrate the 
capabilities of the proposed approach. The model optimizes an economic and environmental 
objective. The economic objective is given by the total discounted cost, and the environmental 
impact is measured by its contribution to climate change. The problem is decomposed into two 
levels. The first level is represented by the original MILP model, while the second level refers to 
the original problem without the variables of production and storage facilities, adding some 
binary variables to represent the selection of the different technologies. The advantage of this 
methodology is the reduction of combinatorial complexity of the problem, and thus, its 
computational effort. 
(Sabio et al., 2010) also design an HSC for vehicle use. The objective is to determine the optimal 
design of the production-distribution network. The model is formulated as a MILP problem, 
controlling the variation of the economic performance of the hydrogen network. A case study in 
Spain is applied. The uncertainty in the fuel price is introduced into the operating costs of the 
network. 
Recent models have been focusing on the integration of carbon capture and storage technologies, 
as well as on the utilization of pipelines, resulting in several scenarios of centralized HSCs using 
fossil fuels instead of renewable energies, if CCS technology is available. One example is the 
SHIPMod developed by (Agnolucci et al., 2013), that is an optimization-based framework 
involving a multiperiod spatially-explicit MILP formulation, for the design of HSC and CCS 
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pipeline networks over a long planning horizon. These authors have highlighted that varying the 
level and the spatial pattern of demand has significant impacts on both the optimal supply 
system and on the overall costs of delivered hydrogen. In the work of (Moreno-Benito et al., 2016), 
the SHIPMod model has included additional options, such as hydrogen imports in the United 
Kingdom for a multiperiod problem until 2070 in order to minimize the present value of the total 
infrastructure cost using a discounted cash flow analysis. These works have also developed a 
hierarchical procedure to reduce the computational time by initializing the solutions in a two-
stage approach. 
(Almansoori and Betancourt-Torcat, 2016) propose an approach for the design of the HSC under 
emission constraints, taking into account the use of carbon capture storage. The problem is 
formulated as a MILP model. The objective to be optimized is the total network cost, and it was 
applied to the future supply chain in Germany in the year 2030, showing that the carbon 
emission target and CO2 tax are effective strategies for reducing emissions. 
(Samsatli et al., 2016) present a model that integrates wind-hydrogen electricity networks using a 
MILP formulation, comprising wind turbines, electrolysers, fuel cells, and compressors. Some 
constraints linked to the installation of wind turbines were added. The objective is the total cost 
of the network, and it was applied in Great Britain, showing the optimal path to install the 
pipeline network throughout the country. 
Some reported works for the optimal design of an HSC involve a mixed integer nonlinear 
programming (MINLP) formulation. Most of the problems of optimization of the HSC are MINLP 
because of the nonlinear nature of the objectives, more particularly, the cost objective. For 
example, (Zhou et al., 2013) study the environmental impact of hydrogen consumption, especially 
the greenhouse gas (GHG) emissions, and propose a hydrogen network integration (HNI) for 
refinery hydrogen management. They present a systematic mathematical modelling methodology 
for the optimal synthesis of sustainable refinery hydrogen networks. The proposed mixed integer 
nonlinear programming (MINLP) model accounts for both the economic and the environmental 
aspect of the hydrogen network. The total annual cost is employed to evaluate the economic 
efficiency of the network, while the environmental performance is assessed by the total CO2 
emission of the network. A multi-objective optimization is carried out via the Pareto front 
generation, which is obtained by an adaptive weighted-sum method. Then a superstructure-based 
mixed integer optimization methodology is proposed for the integration of the hydrogen net- work 
integration aimed at balancing the economic and environmental objectives for sustainable 
development.  
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TABLE 3.3 TAXONOMY OF HSC STUDIES  
  Territorial scale Time scale Objective 
Energy source Approach 
Uncertain 
parameters 
Observations   
Region Country 
Mono-
period 
Multi-
period 
Mono-
objective 
Multi-
objective 
(Agnolucci et al., 
2013) 
 Great 
Britain 
 9 (2020-
2060) 
Financial  Coal, Natural 
gas, Biomass 
(CCS), renewable 
MILP  Development of a spatially-
explicit MILP model, called 
SHIPMod (Spatial 
Hydrogen Infrastructure 
Mode) 
(Almansoori and 
Betancourt-Torcat, 
2016) 
 Germany x  Financial  Natural gas, 
Coal (CCS), 
Biomass 
MILP   
(Almansoori and 
Shah, 2006) 
 Great 
Britain 
x  Financial   Natural gas, 
coal, biomass, 
other renewable 
sources 
MILP   
(Almansoori and 
Shah, 2009) 
 Great 
Britain 
 5 (2005-
2034) 
Financial   Natural gas, 
coal, biomass, 
renewable  
MILP   
(Almansoori and 
Shah, 2012) 
 Great 
Britain 
 3 (2005-
2022) 
Financial   Natural gas, 
coal, biomass, 
other renewable 
sources  
MILP Demand Demand uncertainty is 
modelled using scenario-
based-approach 
(De-León Almaraz 
et al., 2013) 
 Great 
Britain 
x   Cost, 
Ecological, 
Safety risk 
Natural gas, 
coal, biomass 
MILP  ε-constraint method for the 
multi-period problem 
(De-León Almaraz 
et al. 2014) 
Midi-
Pyrénées  
France  4 (2010-
2050) 
 Cost, 
Ecological, 
Safety risk 
Natural gas, 
photovoltaic, 
wind, hydro, 
nuclear  
MILP  ε-constraint method for the 
multi-period problem 
(Gondal and Sahir, 
2013) 
 Pakistan x  Financial  Biomass MINLP-GIS   
(Guillén-Gosálbez et 
al., 2010) 
 Great 
Britain 
 5 (5 years)  Cost, 
Ecological 
Natural gas, 
coal, biomass 
MILP  The Pareto front is obtained 
by the ε-constraint method 
(Han et al., 2013)  Korea x   Financial, 
Ecological, 
Risk 
Natural gas 
(CCS), other 
renewable 
sources 
Fuzzy 
multiple 
objective 
programming 
  
(Hugo et al., 2005) x   5 (2004-
2038) 
 Financial, 
Ecological 
Natural gas, 
coal, biomass, 
other renewable 
sources 
MILP  The territorial scale is not 
specified, only defined as a 
"geographical region" 
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  Territorial scale Time scale Objective 
Energy source Approach 
Uncertain 
parameters 
Observations   
Region Country 
Mono-
period 
Multi-
period 
Mono-
objective 
Multi-
objective 
(Kamarudin et al., 
2009) 
 Malaysia x  Cost  Natural gas, 
coal, biomass, 
water electrolysis 
MILP  Two methods for demand 
determination: one based on 
the prediction of vehicle 
numbers and the other 
based on the supply of 
gasoline and diesel 
(Kim and Moon, 
2008) 
 Korea x   Financial, 
Safety 
Natural gas, 
renewable 
sources 
MILP  The relative risk index 
proposed is based on the 
relative risks of individual 
components of hydrogen 
infrastructure 
(Kim et al., 2008)  Korea x  Financial  Natural gas, 
renewable 
MILP Demand Demand uncertainty is 
modelled using scenario-
based-approach 
(Li et al., 2008)  China  5 (2010-
2034) 
 Financial, 
Ecological 
Natural gas, 
coal, biomass and 
other renewable 
sources 
MILP   
(Ochoa Robles et al., 
2016) 
Midi-
Pyrénées  
France  4 (2010-
2050) 
 Cost, 
Ecological, 
Safety risk 
Natural gas, 
renewable 
sources 
Genetic 
Algorithms 
  
(Samsatli et al., 
2016) 
 Great 
Britain 
 4 (seasons) Financial  Wind, renewable 
sources 
MILP   
(Sabio et al., 2010)  Spain  8  Financial 
Risk  
Natural gas, coal 
(CCS), Biomass, 
renewable 
sources 
MILP Fuel price The uncertainty is 
associated to the operating 
costs  
(Woo et al., 2016) Jeju Island Korea  12 
(months) 
Financial  Biomass MILP  A sensitivity analysis is 
conducted to provide 
insights into the efficient 
management of the B2H2 
supply chain 
(Zhou et al., 2013)      Financial, 
Ecological 
 MINLP  The Pareto front is obtained 
by an adaptive weighted-
sum method 
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3.3.1.2 MULTI-OBJECTIVE OPTIMIZATION AND MCDM  
Initially, HSC modelling has been mainly tackled by mono-objective optimisation (see Table 3.3). 
In these studies, the objective to be considered has been based on cost considerations. Considering 
a multi-objective formulation, the problem decision support for HSC design will have to 
encompass cost consideration, environmental impact, and risk, for which several models exist, 
such as life cycle costing (LCC), life cycle assessment (LCA), and risk assessment (RA). The 
literature analysis shows that only significant criteria belonging to each category are considered 
in the methodological frameworks developed. 
Environmental impact in terms of life cycle assessment (LCA) has been considered by (Guillén-
Gosálbez et al., 2010). The risk of combustion or explosion of leaked H2 in hydrogen 
infrastructure has been investigated in several studies (Kim and Moon, 2008; Landucci et al., 
2010; Rosyid et al., 2007). (Kim et al., 2008)  have integrated the safety hazard risks with the 
economic cost of hydrogen supply chains.  
The literature survey also reveals that the multi-objective optimization problem is often solved 
with an ɛ-constraint method, or less frequently with the weighted-sum method (Zhou et al., 2013) 
and produces Pareto-optimal curves that reveal the trade-offs among the three objectives.  
(Guillén Gosálbez et al., 2010) proposed a bi-criterion formulation that considers simultaneously 
the total cost and life cycle impact of the hydrogen infrastructure and developed an efficient 
solution method that overcomes the numerical difficulties associated with the resulting large-
scale MILP. More precisely, the cost criterion is represented by the total discounted cost, 
calculated as the summation of the discounted costs associated with each time period, whereas 
the environmental impact is measured through its contribution to climate change. 
(Hugo et al., 2005) represents the financial objectives as the Net Present Value (NPV) and the 
environmental objective as the greenhouse gas (GHG) emissions. These authors have developed 
an optimization-based formulation that investigates different hydrogen pathways in Germany. 
The model identifies the optimal infrastructure in terms of both investment and environmental 
criteria for many alternatives of H2 configurations. This model has been extended and considered 
as a basis for other works (Li et al., 2008) for a case study in China. At the same time in Iran, 
(Qadrdan et al., 2008) examined a model for the investigation of an optimal hydrogen pathway 
and the evaluation of the environmental impacts of the hydrogen supply system. Another study 
also considered hydrogen from water, using electricity from hydro and geothermal power in 
Iceland for exportation (Ingason et al., 2008). 
(Sabio et al., 2011) take into account eight environmental indicators in a two- step method based 
on a combination of MILP multiobjective optimization with a postoptimal analysis by principal 
component analysis (PCA) to detect and omit redundant environmental indicators. 
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The work of (Dagdougui, 2011) describes the risk hazards (delimitation and explanation of 
potential risks in some parts of the hydrogen infrastructure: pipeline and storage tank) to 
demonstrate the consequences of a hydrogen accident in the case of future infrastructure 
operation. The risk is integrated into the HSC to minimize the global risk to population and the 
environment. The model is applied to regional case studies in the region of Liguria (North of 
Italy) and Morocco. A GIS based methodology was coupled based on the clean feedstock for 
hydrogen production. Then, the minimization of the cost of installation of new onsite hydrogen 
refuelling stations, the cost of conversion of existing gasoline to hydrogen stations, and the cost of 
transporting hydrogen fuel to offsite stations is taken into account. The objective of this work was 
to develop a decision support system for the localization of hydrogen refuelling stations, 
considering the potential of production within a specific boundary region.  
The work of (De-León Almaraz et al., 2013) involves a formulation based on mixed integer linear 
programming with a multicriteria approach in which three objectives have to be optimized 
simultaneously, i.e., cost, global warming potential, and safety risk, either at the national or 
regional scale. This problem is solved by implementing lexicographic and ɛ-constraint methods. 
The solution consists of a Pareto front, corresponding to different design strategies in the 
associated variable space. Multiple choice decision making based on M-TOPSIS (Modified 
Technique for Order Preference by Similarity to Ideal Solution) analysis is then selected to find 
the best compromise. The mathematical model is applied to a case study in Great Britain 
reported in (Almansoori and Shah, 2006) for validation purpose, comparing the results between 
mono and multi-objective approaches. In the regional case, the modelling and optimisation of the 
HSC in the Midi-Pyrénées region was carried out in the framework of the project “H2 as a green 
fuel” (see Figure 3.3). The sensitivity of geographical scale was analysed in (De-León Almaraz et 
al. 2014)  to solve a real problem of the HSC in the former “Midi-Pyrénées” region in France. In 
order to analyze the economies of scale and the real geographical implications, a comparison 
between  a  regional  and  a  national  case  for  France  is  discussed  in  (De-León Almaraz et al., 
2015).  
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FIGURE 3.3 METHODOLOGY FRAMEWORK FOR THE “GREEN H2 FUEL” PROJECT (MIDI-PYRÉNÉES) 
Decision making trial and evaluation laboratory (DEMATEL) method, used to study and solve the 
complicated and intertwined problem group, has been used by (Ren et al., 2013) to analyse the 
cause-effect relationships among the factors that influence the sustainability of hydrogen supply. 
The interest of this method, based on graph theory, is to divide multiple criteria into a cause-and-
effect group, and the causal relationships in a network relationship map. Four aspects were 
evaluated: economic, technological, environmental, and societal. A study case was developed in 
China, and the results are consistent with the current conditions. 
Although the weighted-sum  method  and the ɛ-constraint method  are the most used when 
solving multi-objective problems, it must be emphasized that assigning a set of compatible 
objectives, as cost efficiency and safety level, is difficult without knowledge of their possible 
values (Han et al., 2013), leading to a vague final objective and thus an invalid solution. To 
overcome this difficulty, fuzzy linear programming with multiple objectives constitutes an 
interesting alternative. In general, in a fuzzy set methodology, it is assumed that there may be a 
fuzzy goal for each of the objective functions (Sakawa, 2012). The fuzzy set method consists of 
minimizing the distance between the ideal and the desired solutions. Following this approach, 
(Han et al., 2013). The fuzzy set method consists on the minimization of the distance between the 
ideal and the desired solutions. Following this approach, (Han et al., 2013) designed the HI (H2 
infrastructure) considering economic cost efficiency, safety, and low CO2 emissions 
simultaneously. An optimization modelling approach is thus proposed to address such multiple 
objectives in the HI design. The proposed model employs fuzzy multiple objective programming to 
compute a compromising solution among multiple objectives. Three objective functions are 
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considered: (1) minimization of the total supply cost of the H2 of the HSC, (2) minimization of the 
total relative risk of the HSC, (3) minimization the total mitigation cost of CO2 for the HSC. 
The potential of genetic algorithms (GA) via a variant of NSGA-II has also been explored to cope 
with the multi-objective formulation, in order to produce compromise solutions automatically 
(Ochoa Robles et al., 2016). In this work, cost and global warming potential have been 
simultaneously optimized so that the Pareto Front has been directly obtained. The interest of 
such an approach is that nonlinearities that may be involved in the formulation of the HSC 
problem can also be taken into account with a generic framework.   
3.3.1.3 MULTI-PERIOD NATURE   
Initially static models for HSC have been developed (Agnolucci et al., 2013; Almansoori and 
Betancourt-Torcat, 2016; Almansoori and Shah, 2012, 2009, 2006; Gondal and Sahir, 2013; 
Kamarudin et al., 2009; Kim et al., 2008; Samsatli et al., 2016). Beyond these static models, 
planning models over multiple periods have been developed. HSC design has to be considered 
under dynamic conditions with demand exhibiting different realization at each period from 
deployment to maturity. This is generally modelled through a multiperiod approach in which the 
demand profiles vary from one period to another, capturing market dynamics. 
In energy supply planning and design, coupling between investment/design decisions and 
operating decisions constitutes an interesting challenge due to the multiscale nature of the 
problem. Capacity investment and design decisions are typically made on a much longer time 
scale than operation decisions, while the operation of existing capacities requires decisions on a 
much faster time scale. The coupling between these decisions makes the overall decision problem 
a multiscale one (Lee, 2014). 
3.3.1.4 HSC SUPPLY CHAIN UNCERTAINTY 
Stochastic modelling tools are classical approaches to the incorporation of different sources of 
uncertainty into the decision-making process. The demand has been the most studied source of 
uncertainty (Almansoori and Shah, 2012; Chen and Lee, 2004; Dayhim et al., 2014; Gupta and 
Maranas, 2003; Jung et al., 2004; Kim et al., 2008; Nunes et al., 2015; Peidro et al., 2009; Tsiakis 
et al., 2001; You and Grossmann, 2008), whereas other uncertainties, especially those appearing 
in the coefficients of the objective function (product prices, operating cost, etc.) have received much 
less attention (Sabio et al., 2010). 
Traditionally, stochastic models that consider the variability of the uncertain parameters 
typically optimize the expected economic performance of the system. These approaches can lead to 
solutions that perform well on average but have a high probability of unfavourable solutions. 
The modelling of the uncertainty represents a major issue  in  the  HSC because it deals with the 
lack of information or forecasts due to the novel nature of the network. 
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For example, to solve the stochastic mathematical model, the scenario-based approach is 
employed in (Kim et al., 2008). The scenarios emerge from the assumption that the hydrogen 
demands are ‘‘above average’’, ‘‘average’’, or ‘‘below average’’. Numerically, ‘‘above average’’ and 
"below average’’ scenarios are assumed as +20% and -20% of the average values, respectively. 
First-stage decisions are hydrogen production quantities FOC and FCC. All other decision 
variables are considered as second-stage decisions, which are defined for each scenario. 
(Nunes et al., 2015) propose the sample average approximation (SAA) technique to manage the 
large number of scenarios, which enables the calculation of estimates for the objective function 
value using Monte Carlo simulations while providing statistically certified quality. This technique 
consists of repeatedly optimizing a set of random sample scenarios, generating different possible 
solutions for the problem. Then, these solutions are evaluated using new scenarios to allow the 
calculation of the statistical properties, evaluating their quality regarding the optimality of the 
problem. 
The previous studies of (Almansoori and Shah, 2012) and (Dayhim et al., 2014) proposed to 
represent the logistic infrastructure, considering uncertainty in the demand forecast and sought 
to evaluate different investment alternatives. Comparing the new model with that presented by 
(Almansoori and Shah, 2012), there is a reduction in the number of variables, which illustrates 
the effect of the proposed reformulation of the mathematical model and the data analysis 
performed.  
(Jung et al., 2004) use a demand generator to generate deterministic demand forecasts on a 
weekly basis for each type-grade-package-sales region combination. This deterministic demand is 
used directly in the planning and scheduling model. It is also used as the mean of the normally 
distributed random demand for the generation of demand scenarios for the discrete event 
simulation.  
3.3.1.5 SENSITIVITY ANALYSIS  
The parameter values and assumptions of any model are subject to change and error. Sensitivity 
analysis is the investigation of these potential changes and errors and their impacts on 
conclusions to be drawn from  the model  (Pannell, 1997).  
A detailed sensitivity analysis using design of experiments methodology is presented in (Ochoa 
Robles et al., 2015). The importance of hydrogen demand is significantly highlighted, because this 
factor strongly conditions the optimization criterion of the HSC model. Because the demand for 
the future HSC is not yet known, its uncertainty is an important issue to be taken into account. 
The Production Capital Cost is, at a lower level, another significant factor on hydrogen production 
cost.  
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(Woo et al., 2016) present a new optimization-based approach for design and operation of a 
renewable hydrogen system from diverse types of biomass, mostly because some works only 
evaluate technologies that use renewable energy sources in their models, for example, renewable 
electricity (Kim and Kim, 2016). The model is tested on an upcoming biomass-to-hydrogen (B2H2) 
supply chain for HFCVs at Jeju Island, South Korea by estimating the expected hydrogen 
demand in 2040. A sensitivity analysis is conducted to provide insights into the efficient 
management of the B2H2 supply chain. 
3.3.1.6 GEOGRAPHICAL INFORMATION SYSTEM (GIS)  
Literature review reveals that few researchers have used the spatial dimension to construct the 
infrastructure for hydrogen. In that context, Geographic information systems (GIS), massive 
software packages providing a range of functions for creating, acquiring, integrating, 
transforming,  visualizing, analysing, modelling, and archiving information about the surface and 
near surface of the earth (Goodchild, 2009) constitute a powerful tool to develop energy supply 
chain models. Some examples of geographic approaches include the study of (Ball et al., 2006) 
who developed the MOREHyS (Model for Optimization of Regional Hydrogen Supply) approach to 
the energy system with the integration of geographic aspects in the analysis by the GIS-based 
method for Germany. This model identifies the cost-optimal way for constructing and 
implementing an (initial) hydrogen supply infrastructure, as well as possible trade-offs between 
hydrogen production and electricity generation within a country-specific context (high degree of 
regionalization) (Ball et al., 2006). 
(Johnson et al., 2008) also used GIS for modelling regional hydrogen infrastructure deployment 
using detailed spatial data and applied the methodology to the case study of a potential coal-
based hydrogen transportation system in Ohio with CCS. The objective of this work was to 
optimize hydrogen infrastructure design for the entire state. The MARKAL model has been 
applied to the UK and used to develop a GIS-based spatial model to represent the layout of 
hydrogen infrastructure (Yang and Ogden, 2013).  
In the model proposed by (Gondal and Sahir, 2013), the pipeline network of the natural gas 
distribution companies has been interfaced with a GIS system. The objective function used is 
based on profit maximization. An integrated renewable hydrogen model based on a MINLP 
formulation has been developed based on biomass feedstocks as the input material for hydrogen 
production in Pakistan because of the strong agrarian economy there. The model involves a 
statistical database and an up-to-date geographical information system to present accurate and 
logical results for effective energy planning. 
There are very few contributions that have reported to date on hydrogen infrastructure modelling 
across spatial scales, even if the resulting hydrogen network would depend heavily on the 
country/region-specific conditions. The framework proposed in (De-León Almaraz et al., 2015) has 
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addressed the national and regional scales by linking geographic constraints found by the GIS 
model to the MILP model.  
3.4 CONCLUSIONS 
A key point in the development of the hydrogen supply chain is the demonstration of feasibility of 
its infrastructure while many technical, economic and social obstacles must be overcome. Some 
strategic roadmaps were currently published about the energy potentialities of hydrogen at 
European, national and regional levels. Their main objective is to evaluate some industrial, 
technological, environmental and social issues and to identify the main obstacles associated to the 
hydrogen economy. The literature review of recent dedicated scientific publications agree on the 
need to develop systemic studies in order to demonstrate the feasibility of the sector, to validate 
the technical and economic interest in the production and recovery of hydrogen produced from 
renewable sources: such works involve the development of models based on economic scenarios for 
hydrogen deployment. 
Following these guidelines, this chapter has presented the different existing approaches to model 
and optimise a hydrogen supply chain. Designing the hydrogen supply chain in not a trivial task 
since different alternatives to produce, store and distribute H2 exist. 
Most works devoted to hydrogen supply chain modelling are based on mathematical programming 
approaches and are generally limited to mono-objective (cost minimization) or bi-criteria 
assessment, generally based on either cost-environment or cost-safety. This is not enough when 
sustainable development must be taken into account in the strategic stage of any new project, 
when social, economic and environmental impacts are interconnected. The spatial or GIS based 
approach cannot be considered as a general methodology for finding the optimal HSC 
configuration but can be coupled to mathematical programming to design the HSC. Very few 
contributions have reported to date considering hydrogen infrastructure modelling across spatial 
scales.  
Stochastic methods and genetic algorithms in particular, have been used more recently for HSC 
optimization and are well-suited to handle the multi-objective optimization problems since they 
are able to search for Pareto solutions simultaneously. More efforts for sophisticated methods are 
necessary to deal with demand uncertainty which is a significant parameter in HSC design. 
These two issues are specifically addressed in the following chapter. 
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CHAPTER 4 
DESIGN OF EXPERIMENTS FOR SENSITIVITY 
ANALYSIS OF A HYDROGEN SUPPLY CHAIN 
DESIGN MODEL1 
Abstract 
Hydrogen is one of the most promising energy carriers in the quest for a more sustainable energy 
mix. In this paper, a model of the hydrogen supply chain (HSC) based on energy sources, 
production, storage, transportation and market has been developed through a MILP formulation 
(Mixed Integer Linear Programming). Previous studies have shown that the start-up of the HSC 
deployment may be strongly penalized from an economic point of view. The objective of this work is 
to perform a sensitivity analysis to identify the major parameters (factors) and their interaction 
affecting an economic criterion, i.e., the total daily cost (TDC) (response), encompassing capital 
and operational expenditures. An adapted methodology for this SA is the design of experiments 
through the Factorial Design and Response Surface methods. Six key parameters are chosen 
(demand, capital change factor (CCF), storage and production capital costs (SCC, PCC), learning 
rate (LR) and unit production cost (UPC)).  The demand is the factor that is by far the most 
significant parameter that strongly conditions the TDC optimization criterion, the second most 
significant parameter being the capital change factor. To a lesser extent, the other influencing 
factors are PCC and LR. The main interactions are found between Demand, CCF, UPC and SCC. 
The discussion has also shown that the calculation of UPC has to be improved taking into account 
the contribution of the fixed, electricity and feedstock costs instead of being considered as a fixed 
parameter only depending on the size of the production unit. As any change that could occur 
relative to demand or CCF could strongly affect the response variable, more effort is also needed to 
find the more consistent way to model demand uncertainty in HSC design, especially since a long 
horizon time is considered for hydrogen deployment. 
                                                     
1
 Ochoa Robles, J., De-León Almaraz, S., Azzaro-Pantel, C., 2017. Design of Experiments for Sensitivity 
Analysis of a Hydrogen Supply Chain Design Model. Process Integr. Optim. Sustain. 1–22. 
https://doi.org/10.1007/s41660-017-0025-y 
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Résumé 
L'hydrogène est un des vecteurs énergétiques les plus prometteurs dans la recherche d'un mix 
énergétique durable. Dans ce chapitre, un modèle de chaîne logistique « hydrogène » (HSC) prenant 
en compte une variété de sources d'énergie, différents mode de production, stockage et de transport 
a été développé à travers d’une formulation MILP (Mixed Integer Linear Programming). Des 
études précédentes ont montré que le démarrage du déploiement de la HSC pouvait être fortement 
pénalisé d'un point de vue économique. L'objectif de ce chapitre est de réaliser une analyse de 
sensibilité (SA) pour identifier les principaux paramètres (facteurs) et leur interaction affectant un 
critère économique, comme le coût journalier total (TDC) (réponse), basé sur le coût en capital et et 
les dépenses opératoires. Des plans factoriels et la méthode des surfaces de réponses ont été utilisés. 
Six paramètres clés ont été choisis : demande, facteur de changement de capital (CCF), coûts 
d’investissement pour le stockage et la production (SCC, PCC), taux d'apprentissage (LR) et coût 
unitaire de production (UPC). La demande est le paramètre qui est de loin le plus significatif 
conditionne fortement le critère d'optimisation du TDC. Le deuxième paramètre le plus significatif 
est le facteur de changement de capital. Dans une moindre mesure, les autres paramètres influents 
sont le PCC et le LR. Les interactions principales concernent demande, CCF, UPC et SCC. La 
discussion a également montré que le calcul de l'UPC initialement considéré comme un paramètre 
fixé dépendant seulement la taille de l'unité de production doit être amélioré en prenant en compte 
la contribution des coûts fixes, d'électricité et de matières premières. De plus, la modélisation de 
l'incertitude sur la demande est à considérer lors de la conception de la HSC. 
Keywords: Hydrogen Supply Chain, Sensitivity Analysis, Design of Experiments.  
Acronyms 
AAT All-[factor]-At-a-Time 
ANOVA Analysis Of Variance 
CCD Central Composite Design 
CCF Capital Change Factor 
DOE Design of experiments 
DT Demand 
FCEV Fuel Cell Electric Vehicle 
HSC Hydrogen Supply Chain 
LP Linear programming 
LR Learning Rate 
MILP Mixed Integer Linear Programming 
OAT One-[factor]-At-a-Time 
PCC Production Capital Cost 
RSM Response Surface Methodology 
SA Sensitivity analysis 
SCC Storage Capital Cost 
TDC Total Daily Cost 
UPC Unit Production Cost 
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4.1 INTRODUCTION 
Hydrogen is one of the most promising energy carriers in the quest for a more sustainable energy 
mix to be used in different applications such as stationary fuel cell systems and electro-mobility 
applications. Different ways to produce, store and distribute hydrogen already exist for chemistry 
applications but, currently, hydrogen is mostly obtained from fossil fuels and hydrogen is 
generally used for on-site applications. The environmental impacts of hydrogen production, in 
particular Global Warming Potential, depend mainly on the sources and processes through which 
hydrogen is derived. A big challenge is then to assess if hydrogen produced from renewable 
energy sources can turn out to be competitive compared to current fuels and to deploy an 
infrastructure of Hydrogen Supply Chains (HSC) for new applications. The HSC for the mobility 
market with H2 as fuel is defined as a system of activities from suppliers to customers. These 
activities encompass energy source choice, production, storage, transportation, and dispensation 
of hydrogen to refuelling stations (see Figure 4.1). Hydrogen can be produced either centrally 
(similar to existing gasoline supply chains) or distributed at forecourt refuelling stations as small 
scale units that can produce H2 close to the use point in small quantities.  
 
FIGURE 4.1 HSC EXAMPLE FOR THE MIDI-PYRÉNÉES REGION (DE-LEÓN ALMARAZ ET AL., 2014) 
HSC design can be performed by using optimization and/or geographical simulation tools. The 
most used approach found in the literature is mathematical programming for optimizing the HSC 
and representative models can be found in several publications, e.g. (Almansoori and Shah, 2006; 
Guillén Gosálbez et al., 2010; Hugo et al., 2005; Kim et al., 2008; Sabio et al., 2010). The 
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formulation is defined for long horizon time period and can be established through multi-period 
formulation. These works optimize one or more objective functions to find the best HSC design 
normally prioritizing cost minimization. One of the most referenced work in this topic is that of 
(Almansoori and Shah, 2006) which presented a general formulation with a wide database where 
the Total Daily Cost (TDC) is optimized. The TDC has also been used in works such as 
(Almansoori and Shah, 2009, 2012; Kim et al., 2008; Kim and Moon, 2008). Other alternatives to 
deal with the financial metrics are the net present value (Hugo et al., 2005), investment cost 
(Ingason et al., 2008; Kamarudin et al., 2009), total discounted cost (Guillén Gosálbez et al., 2010; 
Sabio et al., 2010); more sophisticated options to evaluate the economic performance of the HSC 
can be found in (Guillén et al., 2007). The TDC function has also been considered in the previous 
works (De-León Almaraz et al., 2013, 2014, 2015) since it has the advantage of accounting all the 
costs incurred in the supply chain excepting the particular interest of one of the stakeholders 
involved in the value chain. It has been used as one of the objective functions in a multi-objective 
optimization framework with environmental impact and safety risk as additional criteria to be 
optimized in mono- and multi-period models and solved using the ε-constraint method at both 
regional and national scales so that the operability and usefulness of the different scales at a 
strategic level can be analysed.  
In this work, a deep analysis of the HSC model that optimizes the TDC is performed to identify 
the main model parameters through a sensitivity analysis (SA) and the subsequent potential 
improvements in the formulation. A large set of data (parameters) is involved in the 
mathematical model of the HSC problem. Models for complex systems, such as the HSC one, are 
often built with more parameters than can be identified by available real data and the 
parameters of the models use estimated values based on the prospective scenarios. Under these 
conditions, uncertainty plays a major role and the lack of precise information as well as the use of 
uncertain forecast proposed for a long time horizon (i.e. outlook for 2050), make the development 
of a SA mandatory.  
4.1.1 SENSITIVITY ANALYSIS CONCEPTS AND METHODS 
The Sensitivity Analysis (SA) method is a commonly used approach for identifying important 
parameters that dominate model behaviours (Gan et al., 2014) and is recommended to evaluate 
the robustness of the assessment (and thus of the final decision) with respect to uncertain model 
inputs or assumptions. SA can be applied to learn not only about models but also about systems 
to identify the critical values of the system drivers that induce threshold effects in the decision 
objectives (Pianosi et al., 2016). The SA can be implemented from different fields’ perspectives, 
e.g. the operational research uses post-optimal analysis for local sensitivity in linear problems, 
the economics field uses scenario analysis and statistics have developed a wide number of 
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sophisticated tools for SA. Some of the tools used in the previous fields have been applied to 
supply chain design problems. Typical questions addressed by SA are (Pianosi et al., 2016): 
• What input factors cause the largest variation in the output?  
• Is there any factor whose variability has a negligible effect on the output?  
• Is there any interaction that amplifies or dampens the variability induced by individual 
factors? 
A vast variety of SA techniques, tools and software exists and the selection of the right one is not 
straightforward. They can be evaluated by their effectiveness, efficiency and consistency in the 
solution of a given problem. Unfortunately, between heuristics, graphical tools, design of 
experiments, Monte Carlo techniques, statistical learning methods, etc., beginners and non-
specialist users can be found quickly lost on the choice of the most suitable methods for their 
problem (Iooss and Lemaître, 2015). The type of approach, level of complexity and purposes of SA 
vary quite significantly depending on the modelling domain and the specific application aims. It 
therefore guides the choice of the appropriate SA method since different methods are better 
suited to address different questions. The choice of the method can be also driven by other specific 
features of the problem at hand, like the linearity of the input-output relationship, the statistical 
characteristics of the output distribution (e.g. its skew), which are handled more or less effectively 
by different methods (Pianosi et al., 2016). Four main purposes of the SA are identified in the 
literature: screening, ranking, mapping and identification of interactions between input factors. 
Screening is the process to derive a shortlist with the most important factors. Ranking generates 
the ranking of the input factors according to their contribution to the output factor. Mapping aims 
to determine the region of the input variability space.  
An input factor is any element that can be changed before model execution. The output factor or 
response in the case of mathematical modelling can be the objective functions which are 
optimized. In order to identify the type of SA, it is necessary to distinguish some of its main 
concepts:  
• Qualitative and quantitative SA: qualitative methods provide a heuristic score to 
intuitively represent the relative sensitivity of parameters by visual inspection of model 
predictions (e.g. tornado plots, scatter plots, etc.). In quantitative SA, each input factor is 
associated with a quantitative evaluation of its relative influence, normally through a set 
of sensitivity indices on the total variance of model output (Gan et al., 2014; Pianosi et al., 
2016; Saltelli et al., 2009; Yang et al., 2014) 
• Local vs Global SA: depending on whether output variability is obtained by varying the 
inputs around a reference (nominal) value, or across their entire feasible space, SA is 
either referred to as local or global. Local SA (LSA) applications typically consider model 
parameters as varying inputs, and aim at assessing how their uncertainty impacts model 
performance, i.e. how model performance changes when moving away from some optimal 
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or reference parameter set. Global SA (GSA) considers variations within the entire space 
of variability of the input factors. The GSA does not require the user to specify a nominal 
value x for the input factors but it still requires specifying the input variability space 
(Pianosi et al., 2016). 
• One-At-a-Time vs. All-At-a-Time SA: another distinction that is often made lies between 
One-[factor]-At-a-Time (OAT) and All-[factors]-At-a-Time’ (AAT) methods. In OAT test, 
some factors are fixed OAT while re-estimating the model with the remaining factors. In 
AAT methods, output variations are induced by varying all the input factors 
simultaneously, and therefore the sensitivity to each factor considers the direct influence 
of that factor as well as the joint influence due to interactions. While local SA typically 
uses OAT sampling, global SA can use either OAT or AAT strategies. In general, AAT 
methods provide a better characterization of interactions between input factors. The 
drawback of AAT methods is that they typically require more extensive sampling and 
therefore a higher number of model evaluations (Pianosi et al., 2016). 
In the next sections, a general classification of the methods that can be applied to mathematical 
programming and optimization is given. These can involve post-optimal SA for linear 
programming, and perturbation/statistical methods for scenario analysis.  
4.1.1.1 POST-OPTIMAL ANALYSIS OF LINEAR PROGRAMMING 
From the point of view of linear programming (LP), the SA (also known as parametric analysis) is 
a method that allows searching the effects produced by the changes in the values of the different 
parameters on the optimal solution. It is necessary to remember that changes in the primal 
solution automatically have an impact in the dual model, then, it is possible to choose which 
model (primal or dual) will be used for analysing the effects. SA for LP identifies the sensitive 
parameters by determining the range or admissible variation gap for the different coefficients of 
the problem in which the current optimal solution remains as feasible as optimal in order to 
estimate/treat the sensitive parameters with more precision. The SA for LP is developed as part 
of the post-optimization stage that studies how the optimality conditions of the current solution is 
affected when one modification or change is applied to a parameter (coefficient) in the problem. 
Moreover, it allows establishing the solution when new variables or constraints are introduced to 
the problem. This method could be used for mapping purposes and could be classified as 
qualitative, local, OAT one. Although SA theory is well developed in linear programming, efforts 
are still being made to handle the integer programming case, mainly because of the lack of 
optimality criteria for the integer optimization problems (Jia and Ierapetritou, 2004). By the use 
of commercial software and algorithms, modifications in the main algorithm are not possible to be 
implemented. For this reason, the SA for LP for mixed integer problems is rarely used since other 
scenario analysis or statistical methodologies are widely applied.  
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4.1.1.2 OAT PERTURBATION METHODS (PM) FOR SCENARIO ANALYSIS 
According to our knowledge regarding the SC problems at strategic level, the most used 
methodology for SA is the scenario analysis through perturbation methods (PM) (this can be also 
placed in the category of statistical methods). This is one of the simplest methods for local SA and 
is used for screening purposes. With PM, the model is analysed in order to derive more 
meaningful business insights for managers in making resource planning decisions and to provide 
the stakeholders with a comprehensive framework of scenarios according to which targeting 
guidelines, regulation and policy strategies can vary. PM varies the input factors of the 
optimization model from their nominal values OAT and assesses the impacts on the optimization 
results via visual inspection, for example, by pair-comparison of nominal and perturbed inputs 
(Pianosi et al., 2016). A way to perform this analysis is for example by changing the most 
important input parameters at several levels (e.g. nominal, low or high). The optimizations are 
run in a pre-established order to know the impact on the optimal solution. This approach is 
qualitative and the results can be displayed in graphical ways (e.g. Tornado plots). One 
advantage of this tool is that it is easy to implement and no need of additional specialized 
software is required but it can be coupled with more sophisticated statistical tools. A major 
disadvantage of this analysis is that it fails to detect interactions between the factors (Karlsson 
and Söderström, 2002). The number of experiments is another drawback.  
4.1.1.3 STATISTICAL METHODS 
The performance of SA through statistical methods can use several techniques. Some examples of 
these methods are: correlation and regression analysis for screening (e.g. Morris OAT screening 
(Morris, 1991)), Monte-Carlo filtering (for mapping), variance-based methods (quantitative 
methods; e.g., FAST and Sobol (Gan et al., 2014)). The majority of these methods are well adapted 
for computer experiments and simulation problems. Depending of the type of statistical SA, the 
method can be coupled with sampling methods to solve local or GSA. These are very sophisticated 
techniques that (to the best of our knowledge) have not been applied to strategic problems of 
supply chain. Still, in this work we are not only interested in screening the main input factors of 
the HSC but also in investigating the interactions of the parameters. A statistical technique that 
could fit to our problem is the Design of Experiments (DOE). The DOE can be used for simulation 
and optimization problems (e.g. (Shang et al., 2004), (Dellino et al., 2010), (Kleijnen, 2005), 
(Karlsson and Söderström, 2002), (Longo, 2011) and (Hussain et al., 2012)). It is useful for 
parameter screening and interaction analysis. An “experimental plan” is followed by the 
optimization of the objective function to measure the system performance. The most common 
initial and final optimization designs of experiment are called the screening design (through 
factorial design) and the response surface method (Uy and Telford, 2009). According to (Kleijnen, 
2005), quantitative verification and validation may use DOE.  
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4.1.2 SENSITIVITY ANALYSIS FOR HSC 
Once this general overview of all the available SA methods has been given, it is possible to 
identify the type of SA to be implemented for the HSC model. There are few works that have 
applied SA to such models, all of them have used the OAT perturbation method and analysed and 
discussed pre-established scenarios resulting in qualitative analyses. (Johnson et al., 2008) 
studied the geographical sensitivity (economies of scale). A set of 5 demand penetration scenarios 
and several pathways for the SA related to the transportation type (pipeline and tanker trucks) 
and capacity (size and capacity of tanker truck liquefiers) has been considered; the pipeline costs 
and liquefier capacity were found as the most sensitive parameter. Electricity price, discount rate 
and average refuelling station size were also analysed parameters. The study reported in (Liu et 
al., 2012) focuses on the analysis of H2 demand from H2 FCEV and the related cost of hydrogen in 
Ontario. Three potential H2 demand scenarios over a long time period (2015-2050) have been 
investigated. SA was implemented to investigate the uncertainties of electricity price, water price, 
energy efficiency of electrolysis and plant life. From the analysed parameters, the electricity price 
was identified as a high sensitive input. Another example is given by (Yang and Ogden, 2013) 
who studied a number of sensitivity scenarios to investigate the cost and emissions implication of 
altering policy constraints, technology and resource availability, and modelling decisions. A 
number of scenario inputs/constraints are varied (e.g., CCS available, coal allowed with or 
without CCS, biomass availability, demand trajectory, carbon taxes, etc.) to understand how 
policy constraints and other input assumptions can influence the modelling results. (Murthy 
Konda et al., 2011) concluded that the production cost is strongly correlated to the feedstock 
prices (with high fluctuations) which remain the biggest contributor. The geographical sensitivity 
has also being analysed with its effect of territory breakdown and economy of scale in (De-León 
Almaraz et al., 2015).  
In this work, the valuable results obtained by the abovementioned studies are taken into account 
and will serve to target the set of parameters to be studied in our SA. From these studies, two 
types can be found, those related to the capital cost (e.g. facilities and transportation investments) 
and the others related to operational cost (e.g. electricity and feedstock prices, operational 
efficiency, etc.); in all the cases, demand plays a major role, indeed, the mathematical model of 
the HSC is demand driven, this means that it is possible to conclude intuitively that this input 
parameter will have an important effect in the response, but its quantification as well as the 
interactions of this parameter with other sensitive ones have not been analysed yet. In this 
chapter, the OAT approach that has been applied to other HSC SA works has not been 
considered. In other fields of supply chain management, various works have efficiently used DOE 
methodology for parameter screening.  
In this perspective, this work develops a sensitivity analysis by the use of DOE methodology to 
investigate the interaction and statistical significance of important parameters over the response 
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variable (TDC). To the best of our knowledge, this is the first work that proposes such a 
methodology for the HSC model. With this analysis, the economic criterion can be deeply assessed 
and some modifications could take place. Some main questions that arise from the previous 
studies are:  
• Which of the cost types (capital or operational) is impacting more the HSC deployment for 
a long term time horizon? 
• What are the important factors that impact the TDC? 
• Is the current cost optimization (by minimizing the TDC) representative enough 
considering the parameters uncertainty? 
• What are the main parameters interactions for the HSC model? 
The remainder of this chapter is organized as follows: Section 4.2 is devoted to present the 
general model of the HSC to explain the TDC function and display all their terms. Section 4.3 
introduces the DOE methodology and gives a brief description of important statistical tools 
related to this method (i.e. factorial design and response surface methods), and presents the 
optimization strategy. In Section 4.4, the case study of the former Midi-Pyrénées region treated in 
(De-León Almaraz et al., 2014) (now included in the Occitanie region) is described, and from the 
literature review and our previous results, hypothetical important parameters are analysed to 
create a set of factors proposed for the DOE study. Section 4.5 is devoted to the application of the 
methodology and the results are examined. The experiment databases are also presented for a 2-
level full factorial and response surface designs. Finally, conclusions and perspectives are 
proposed. 
4.2 MATHEMATICAL HSC DESIGN MODEL 
The HSC design approach has been extensively presented in (De-León Almaraz et al., 2014) and 
is based on the works developed by (Almansoori and Shah, 2009, 2012), dedicated to the optimal 
TDC of the HSC through MILP (Figure 4.2). The items of an HSC are shown in Figure 4.2. In the 
proposed formulation, hydrogen can be produced from an energy source e, delivered in a specific 
physical form i, such as liquid or gaseous, produced in a factory type p involving different 
production technologies, stored in a reservoir unit s and distributed by a transportation mode l 
from one district or grid g to another g' (with g' ≠ g). The facilities have different sizes j (e.g. 
small, medium and large). A multi-period optimization approach has been carried out with the 
objective of minimizing the criteria on the entire time horizon t. For sake of brevity, only the key 
points of the approach are highlighted in what follows, the mathematical model is also developed 
in the supplementary material. 
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FIGURE 4.2 THE HSC MODEL PROPOSED BY (DE-LEÓN ALMARAZ ET AL., 2014) 
4.2.1 DECISION VARIABLES 
The design decisions are based on the number, type, capacity, and location of production and 
storage facilities as well as the number and the type of transport units required, and the flow rate 
of hydrogen between locations. The operational decisions concern the total production rate of 
hydrogen in each grid, the total average inventory in each grid, the demand covered by imported 
hydrogen and the H2 demand covered by local production.  
4.2.2 CONSTRAINTS 
The involved constraints are related to demand satisfaction, the availability of energy sources, 
production facilities, storage units, transportation modes and flow rates. Again, for reason of 
brevity, only a short description of the key constraints is given in this section (see Appendix A for 
more information). 
4.2.2.1 DEMAND 
Each grid g has its own deterministic demand. It must be fulfilled either by production facilities 
established within a particular grid (local production), or by importing products from other 
neighbouring grids. Besides, the demand in the grid g satisfied by neighbouring grids is equal to 
the total flow imported to that grid by all types of transportation modes. Finally, the total grid 
demand (DTig) must equal the demand satisfied by the local production plus the demand imported 
from other grids. 
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4.2.2.2 ENERGY SOURCE CONSTRAINTS 
The average availability of primary energy sources e in a grid g during time period t is given as a 
sum of the initial availability of energy sources, the imported energy sources and the rate of 
consumption of these. One important parameter here is the rate of utilization of primary energy 
source e by plant type p and size j which can be associated to the process efficiency and has a 
direct impact on the operational cost.  
4.2.2.3 PRODUCTION AND STORAGE CONSTRAINTS 
The total number of production facilities type p and size j installed in g in the time period t is 
determined by the sum of the initial number of plants (NPpijgt) and the number of new units in the 
period t (IPpijgt). For all the other periods, the establishment of new production facilities takes into 
account the production plants installed in the previous time periods. In the case of new 
electrolysis plants that use renewable energy e, they can only be established where renewable 
energy e is available. The installation of new storage units (ISsigt) is constrained by the 
availability of current storage facilities of type s and size j storing product form i in grid g 
established in the previous time periods (NSsigt). 
4.2.2.4 TRANSPORTATION AND REFUELLING STATION CONSTRAINTS 
There must be a continuous flow of hydrogen between different grids in order to satisfy the 
required demand. The flow of hydrogen form i from grid g to a different grid g’ will only exist if 
the transportation mode is established. Thus, there is always a minimum and a maximum flow 
rate of hydrogen needed to justify the establishment of a transportation mode between two grids 
in the network. The flow of a product form i between different grids can only occur in one 
direction. Besides, a particular grid can only import H2 from neighbouring grids or export H2 to 
other grids (only one condition can be satisfied). The number of refuelling stations within a grid g 
dispensing a product form i depends on the total equivalent demand and the installed capacity of 
the fuelling stations. To calculate the transportation pathway, binary variables are considered in 
the original model. 
4.2.3 OBJECTIVE FUNCTION  
As previously explained, the economic objective function considered by (De-León Almaraz et al., 
2014) is the TDC. The TDC of the whole HSC (expressed in $ per day) is calculated by the 
addition of several capital and operational costs as follows: 
4.2.3.1 CAPITAL COST OF FACILITIES AND TRANSPORTATION ($ PER DAY) 
The facility capital cost (FCCt) is expressed in Equation 1. This expression involves the number of 
new plants (variable IPpijgt) and storage facilities (variable ISsijgt) to be installed in period t (both 
are integer variables). The capital costs for a plant p (PCCpij) or a storage facility s (SCCsij) are 
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also displayed as parameters that are multiplied by the decision variables. The parameter of 
learning rate (LRt) is also involved in this equation. 
∑ ∑ ∑ 






∀+=
gi jp js
sijgtsijpjigtpij
t
t tISSCCIPPCCLR
FCC
, , ,
1
 
(4.1) 
4.2.3.2 OPERATING COST OF FACILITY AND TRANSPORTATION ($ PER DAY) 
The facility operating cost (FOC) is constituted by the addition of two terms, the former is the 
product of the unit production cost ($ per kg H2) and of the average production rate given in kg 
per day and the latter is the product of the unit storage cost ($ per kg H2 per day) and the average 
storage rate in kg H2. The transportation operating cost (TOC) is based on the determination of 
four costs related to transport units: fuel, labour, maintenance and general costs. All these are 
continuous variables. 
The FOC is related to the cost required to operate the production plants and storage facilities 
efficiently. It is obtained by multiplying the unit cost of production (UPCpi) and storage (USCsi) by 
the corresponding amount of production (PRpig) and storage (STig). 
∑ ∑ ∑ 






+=
gi p js
igsipigtpi STUSCPRUPCFOC
, ,
     (4.2) 
4.2.3.3 TOTAL DAILY COST ($ PER DAY) 
The TDC is expressed in Equation 4.3. In this expression, FCCt and TCCt (continuous variables) 
refer to facility and transportation capital cost (Section 4.2.3.1), respectively, in the time period t. 
αdays is a parameter related to the network operating period and CCF is the capital change factor 
parameter as initially called in (Almansoori and Shah, 2006) (in years) and actually referring to  
the depreciation period. FOCt and TOCt are the facility and transportation operating cost 
variables (Section 4.2.3.2). Finally, ESCt refers to the cost of transportation of the energy source.  
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4.3 METHODS AND TOOLS 
4.3.1 DESIGN OF EXPERIMENTS (DOE)  
The Design of Experiments was proposed in (Fischer, 1937). This method is based on the right 
planning, design and execution of tests to conduct experiments efficiently. The DOE is widely 
used in product and process development, enhancement and optimization; it is also largely used 
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for screening, optimization and robustness testing. In the case of this research, the SA can be 
developed by the screening of important factors through the DOE methodology because it is 
efficient compared to the OAT approach. Indeed, screening design allows changing factor levels 
simultaneously and also to find the interactions among the factors with few experiments. Three 
main components are involved in the DOE process, i.e. the factors, levels and response. The 
factors are the sources that have some impact in the results or response. The levels are the values 
of each factor. The response corresponds to the results of the system. The methodology starts with 
the specification of the input conditions: the number of factors and their ranges, the number of 
responses, and the experimental objective. The experimental design can then be created and 
performed. Once collected, these data are investigated using regression analysis. This gives a 
model relating the changes in factors to the changes in responses. The model will indicate which 
factors are important and how they combine in influencing the responses. Typically, DOE 
encompasses three experimental objectives (Eriksson, 2008):  
1. Screening design: by using factorial designs which studies the response of every 
combination of factors and factor levels. Full factorial designs give the basis for all the 
classical experimental designs used in screening but also for optimization, and robustness 
testing. One of the most common is the 2k factorial design, where two levels are taken for 
each factor, respectively, low and high. These two levels are represented by the numbers 
of -1 and +1. 
2. Optimization: to extract in-depth information about the few dominating factors. A 
quadratic model is flexible and may closely approximate the “true” relation between the 
factors and the responses. The response is modelled and can be displayed through a 
response surface plot. This approach is also known response surface modelling (RSM). For 
some factors and responses, a positive (respectively negative) correlation may exist. These 
relationships are conveniently investigated by fitting a quadratic regression model. This 
part is very important for our study because it allows identifying the factor levels that 
satisfy certain requirements on the model and the relationship between different factors 
(Meyer and Krueger, 1997). 
3. Robustness testing, which is useful in process and product design as a final test to ensure 
quality.  
The solution set consists of an ANOVA (ANalysis Of VAriance) table, the ANOVA analysis is a 
tool used to test the differences between two or more factors (Mathews, 2005). The essential 
purpose of performing an ANOVA method is to analyse if any statistical significant difference 
exists between the different factors or variables. 
4.3.1.1 FACTORIAL DESIGN METHOD 
A factorial design method offers a tool making it possible to detect interaction effects (Box et al., 
1978) in (Karlsson and Söderström, 2002). The factorial design method tends to increase in size 
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when many factors are to be evaluated but it is possible to reduce this problem by using a 
fractional factorial design method. The number of experiments, using a plain factorial design 
method, depends on the number of factors and the number of levels to be studied, according to pk, 
where p is the number of levels and k is the number of factors to be studied. From this, it is 
possible to calculate k main effects and two-factor interactions (even more). The selection of an 
appropriate regression model is part of the problem formulation. Three main types of polynomial 
models are distinguished: linear, interaction and quadratic models. In screening, either linear or 
interaction models are used (Eriksson, 2008). 
4.3.1.2 RESPONSE SURFACE METHODOLOGY - RSM 
RSM was introduced by (Box and Wilson, 1951). RSM is often used to refine models after the 
important factors have being identified using factorial designs. In RSM it is important to get good 
regression models. There are several classical RSM design families: i.e. central composite, Box-
Behnken, and three-level full factorial designs (Eriksson, 2008). Box-Behnken designs usually 
have fewer design points than central composite designs, thus, they are less expensive to run with 
the same number of factors. They can efficiently estimate the first- and second-order coefficients; 
however, they cannot include runs from a factorial experiment (Minitab 17, 2016). Central 
Composite designs (CCD) can fit a full quadratic model. They are often used when the design plan 
calls for sequential experimentation because these designs can include information from a 
correctly planned factorial experiment. A central composite design is the most commonly used 
response surface designed experiment and is especially useful in sequential experiments because 
it is possible to build on previous factorial experiments by adding axial and centre points (Minitab 
17, 2016).  
4.3.2 TDC OPTIMIZATION STAGE AND SA 
The objective of this formulation is to find values of the operational x Є Rn, and strategic y Є 
Y={0,1}m, z Є Z+ decision variables, subject to the set of equality h(x,y)= 0 and inequality 
constraints g(x,y)< 0. The mono-objective optimization is applied by the minimization of the TDC. 
The global MILP model can be formulated in a concise manner as follows: 
Minimize {TDC} 
Subject to: 
h(x,y)= 0 
g(x,y)< 0 
}{ +∈=∈∈ ZzYyRx mn ,1,0,  
Demand satisfaction 
Capacity limitations 
Distribution network design 
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The problem is treated with GAMS 23.9 (Brooke et al., 1992) and solved by CPLEX 12. According 
of the experimental plan proposed through the DOE methodology, the changes of some 
parameters will be performed in the HSC model code and the optimizations will be run until 
complete the whole set of experiments.  
4.4 CASE STUDY 
4.4.1 GENERAL DESCRIPTION 
The case study refers to the implementation of a HSC in the Midi-Pyrénées region, in France (De-
León Almaraz et al., 2014). A deterministic demand of hydrogen is considered, including fleets 
such as buses, private and light-good-vehicles and forklifts at 2010 levels. Market demand 
scenarios selected for this project were based on (McKinsey&Company, 2010) and (Bento, 2010). 
From these studies and the involved assumptions, two scenarios with two levels of demand (low 
and optimistic) for FCEV penetration were developed but only the low demand scenario was 
evaluated in (De León Almaraz, 2014). The problem is defined as multi-period and the time 
horizon considered is 2020-2050 with a time step of 10 years.  
4.4.2 CHOICE OF FACTORS, LEVELS AND RESPONSE 
In this work a local sensitivity is performed through DOE where the response variable is the TDC 
(Equation 3). Let us remember that for a complex system model with a lot of parameters, 
qualitative SA methods can be first used for a rough parameter screening (pre-screening), which 
will prune the most insensitive parameters with low evaluation costs. Then, quantitative SA 
methods can be adopted for a further SA of this simplified system model (Gan et al., 2014). We 
have decided to make a pre-screening of key parameters based on the conclusion of the previously 
developed SA for the HSC in the dedicated literature (see Section 1.2 and the remaining of this 
section). Some of these key parameters will be studied to verify if they are really sensitive and at 
what level and also to find major interactions between them. The list of potential factors is given 
below:  
4.4.2.1 DEMAND 
A sensitivity analysis of the demand parameter is carried out in various HSC SAs, e.g. (Ren and 
Gao, 2010; Yang and Ogden, 2013; Murthy Konda et al., 2011; Johnson et al., 2008). The demand 
in the HSC models has been studied only in scenario-based analysis (Ball and Wietschel, 2009). 
Demand scenarios are used to study the market for demand and supply site activities. The 
introduction of H2 in highly populated areas leads to economies of scale of H2 production (Ball et 
al., 2007). The geographical scale (economies of scale) and demand penetration scenarios result 
tends to a change in the centralization degree and have a high impact in the cost of the HSC (De-
León Almaraz et al., 2015).  
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4.4.2.2 CAPITAL AND OPERATIONAL COSTS 
A common approach to measure the SA is the comparison of capital (CapEx) and operational cost 
(OpEx). This has been analysed for different types of supply chains or facilities technologies. 
(Swanson et al., 2010) compare capital and production costs of two biomass-to-liquid production 
plants. Three scenarios that represent the range of estimates for cost growth and plant 
performance were considered: most probable, optimistic and pessimistic. For this work the most 
influential parameter is total CapEx because it affects the capital depreciation, average income 
tax, and average return on investment. (Kaldellis et al., 2005) conducted a study to find the key 
factors of a SC, they found that the installation capacity factor, the local market electricity price 
annual escalation rate and the reduced first installation cost are found to be the parameters that 
mostly affect the viability of similar ventures. The key parameters are the investment costs for 
production plants, storage and transportation units, the learning rate and the payback period.  
4.4.2.3 FEEDSTOCK 
For operational cost, the feedstock, the production efficiency and the electricity costs have been 
reported as key parameters. According to (Ball et al., 2007), the infrastructure build-up for the 
HSC is strongly influenced by the assumed feedstock prices. The economic performance of all the 
SCs is very sensitive to the prices of raw materials and products, which usually change with time 
(Vlysidis et al., 2011). According to the technology, the feedstock price can be considered as the 
cost of raw materials or in the case of electrolysis as water and electricity prices. (Zhang et al., 
2003) concluded that the prices of feedstock and plant capacity are the most significant factors 
affecting the economic viability of biodiesel SC. In the specific case of the HSC, in the SA 
performed by (Murthy Konda et al., 2011), the feedstock remains the biggest contributor with 
40% share of the cost split. (Yang and Ogden, 2013) varied the biomass availability. Electricity 
price for electrolysis production has been studied in (Johnson et al., 2008). In (Liu et al., 2012), 
the electricity price was concluded to be a high sensitive input. (Mueller-Langer et al., 2007) show 
that the higher the share of electricity costs on total hydrogen production costs, the lower the 
influence of annual full load operation hours to these total costs. This parameter is not currently 
independently calculated in our model according to the energy source. The operational cost for 
electricity is the same for all the type of energy sources. In order to verify the sensitivity of this 
parameter, a modification in Equation (4.2) is necessary to compute different electricity costs 
regarding the sources. 
4.4.2.4 KEY FACTORS AND EXPERIMENT PLAN 
Based on the abovementioned options, the pre-screened parameters for the HSC model proposed 
in this research are six and are listed below:  
• Demand (DT),  
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• Capital Change Factor (CCF),  
• Storage Capital Cost (SCC),  
• Production Capital Cost (PCC),  
• Learning Rate (LR) and  
• Unit Production Cost (UPC).  
The CCF, SCC, PCC and LR are all related to investment cost. Besides, the operational cost 
analysis could be affected by UPC and the LR. In both groups, the demand is likely to play an 
important role. The set of parameters has thus been studied (see Table 4.1) and a linear 
experiment is considered based on the investigation on a given combination of factors with lower 
and upper bounds for each factor.  The response TDC will be measured in $ per kg H2 per day and 
the null and alternative hypotheses are defined as follow: 
H0: µTDC1= µTDC2 =…= µTDCk 
HA: µTDC1≠ µTDCi’ 
µTDCi’= µTDC+δi  
where 
µTDC: average TDC before any treatment, with n=1   
δi : estimated effect to µTDC in treatment i 
To compare the medias and variability between experiments the F statistic is calculated and 
presented in the ANOVA table. If the p-value is small enough (p-value < α=0.05), H0 is rejected 
concluding that the data provide evidence of a difference in the population mean at least for a 
pair of factors. It is important to highlight that the classic DOE requires a given number of 
observations (n: number of samples) and a random assignation of experiments with replications to 
measure the variability due to external factors but, for our case, n is assumed to be 1 because we 
are using an exact optimization tool (CPLEX algorithm) for deterministic data, i.e. the different 
levels for a factor are modified in the model database before each optimization run and the result 
is an optimal value. Thus, the order of the optimization runs does not have any impact in the 
other DOE calculations and replications are not needed.  
In a second stage, the response surface through Central Composite Design (CCD) methodology is 
applied for the same problem. In this stage, it is necessary to identify the axial points (αCCD), for 
the response surface to provide the orthogonal blocking and whenever possible rotatabilit. Due to 
the problem size, a fractional CCD (half design) with 8 cube points and 2 axial points is proposed. 
(Minitab Inc., 2000) suggests αCCD = + 2.366 (where αCCD is the distance of each axial point). In our 
case study, some values related to Demand, LR and CCF are negative for the axial point -2.366; 
in real problems, these values are not reasonable, thus a specific calculation for + αCCD for those 
three parameters is estimated independently affecting lightly the rotatabilit but allowing to 
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observe the general behaviour of the model in a good enough level to draw general conclusions 
(see Table 4.1). The values for each factor are listed in the next sections. 
Demand 
The demand (expressed in kg of H2 per day) is required in 22 different districts during 4 time 
periods (2020, 2030, 2040 and 2050). One base scenario is proposed (level zero). Demand values 
are called (–a) and (+b) for the lower and upper levels, respectively. A margin of + 50% is taken 
into account for the factorial design. Every grid has its own deterministic demand. The values 
used in the experiments are the ones presented in (De-León Almaraz et al., 2014). For the 
demand parameter, an αCCD = +1.8 is assumed to avoid negative or zero values for the lower 
bound remaining with a minimum bound equivalent to 10% of the level zero of demand, this 
means to retain a very low demand level but still positive to keep an optimization problem (levels 
are presented in Table 4.1, and nominal values in Appendix A Table A.1). 
Capital Change Factor (CCF) 
A CCF value of 12 years (high level) is used for the Midi-Pyrénées territory under the assumption 
that a new infrastructure system is to be installed without subsides with low demand (De-León 
Almaraz et al., 2014). In our view, the level of 3 years used in (Almansoori and Shah, 2006) is not 
realistic for the high level of investment required. For lower and higher axial points, CCF 
nominal values are 1 and 14 years respectively, equivalent to a value of αCCD = + 1.44 (see Table 
4.1).  
Learning Rate (LR) 
The LR is a cost reduction for technology and manufacturers that results from the accumulation 
of experience during a time period. From (van der Zwaan, 2009), LR values for electrolysis and 
SMR vary from 5% to 18% for a period of ten years. These values are used for the two basics 
levels of this factor. For lower and higher axial points, LR nominal values are 0 and 23% 
respectively, equivalent to a value of αCCD = + 1.77 (presented in Table 4.1, and Appendix A Table 
A.2). 
Production/storage capital costs (PCC, SCC) and unit production cost (UPC).  
These three parameters have been grouped in this section because they share the same low and 
high percentage values as well as the lower and upper bounds for axial points (see Table 4.1). The 
PCC is the capital cost of a plant to produce hydrogen ($ US). Three types of production plants 
(i.e. SMR), and two types of electrolysis plants (centralized or distributed units) with three sizes 
(small, medium and large) are considered. From the values proposed by (Almansoori and Shah, 
2009), a margin of  + 25% is used to estimate high and low levels for the experiments while αCCD = 
+ 2.366 represents a + 59.2% cost increase / decrease regarding the zero level for axial points 
(Appendix A Table A.3). The SCC is the capital cost of a storage tank (expressed in $ US). Four 
types of storage facilities are considered (i.e. mini, small, medium and large for the Midi-Pyrénées 
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case). Similar to the PCC case, ± 25% margin is taken into account for high/low levels and same 
values for αCCD are considered (nominal values in Appendix A Table A.4). Finally, the UPC ($ per 
kg H2) is the unit production cost originally taken into account in (De-León Almaraz et al., 2014) 
based on (Almansoori and Shah, 2009). Hydrogen can be produced using natural gas in SMR 
plants or using water and electricity in electrolysis facilities that are of two types, either 
centralized plants or distributed electrolysers installed in the refuelling stations. Several types of 
energy sources can be considered in the model and differentiated by technologies, costs and 
emissions. Yet, for simplicity purpose, the impact of the cost of the energy source was not 
considered. The design of experiments in this work proposes a UPC variation between ± 25% for 
its two basic levels and αCCD=+2.366 i.e. + 59.2% cost variation. (See Table 4.1 and Appendix A 
Table A.5).  
TABLE 4.1 VALUES OF THE FACTORS IN ALL THE EXPERIMENTS 
Experiment  (comments) Type Factors Values 
-1 +1 
1. Fractional factorial design 
26 
Demand (level)♦ -a +b 
 
CCF (years) 3 12 
LR (%)  5  18  
PCC (%)♣ -25 25 
SCC (%)♥ -25 25 
  UPC (%)♠  -25  25  
- αCCD  -1 0 `+1 + αCCD  
2. Response surface  
(Central Composite design) 
26  Square 
model 
Demand 
(level)*♦ -α1 -a 0 +b α1 
All the runs are the same as in 
Experiment 1. 
Runs from 33 to 54 include the 
central and axial points in order 
to develop a quadratic model 
CCF (years) -α2=1 3 7.5 12 α2=14 
LR (%) -α3=0 5 11.5 18 α3=23 
PCC (%)♣ -α4=-59.2 -25 0 25 α4=59.2 
SCC (%)♥ -α4=-59.2 -25 0 25 α4=59.2 
  UPC (%)♠ -α4=-59.2 -25 0 25 α4=59.2 
♦ Demand nominal values (kg H2 per day per grid) available in Supplementary Material, Table 1. 
♣ PCC nominal values ($) available in Supplementary Material, Table 2. 
♥ SCC nominal values ($) available in Supplementary Material, Table 3. 
♠ UPC nominal values ($ per kg H2) available in Supplementary Material, Table 4. 
α1=1.80  α3=1.77 
α2=1.44  α4=2.36 
4.5 RESULTS AND DISCUSSION 
The DOE was developed with MINITAB software version 14 (Minitab Inc., 2000). MINITAB is 
statistic software that helps to solve different kinds of statistical problems. The factors and the 
levels depend of the type of case that is analysed. For example, for Experiment 1, only the low and 
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high levels were taken into account for a 26  fractional factorial analysis. In Experiment 2, the 
same experiment was treated using a response surface with central composite design. 
4.5.1 EXPERIMENT 1 
The treatment matrix for the factorial design is presented in Table 4.2. For Experiment 1, the 
fractional factorial design with a total of 32 treatments was studied. It must be emphasized that a 
reduced or fractional model (Burrill, 1997) was used to reduce the computing effort and number of 
runs.  As explained in section 4.4.2.4, no replication is needed for our optimization problem since 
a gap in GAMS can be set and same results can be found in different machines. Results for the 
TDC response are also listed in Table 4.2. The statistical results are presented in the ANOVA 
table in Table 4.3. The influences of the six main factors and their interactions are evaluated. The 
data in the ANOVA table provide convincing evidence that the TDC is different for at least one 
pair of factors. From the results displayed in Table 4.4a it is possible to conclude that the 
Demand, the CCF, the LR and the PCC are the factors that are statistically significant; meaning 
that the P-value is lower than α= 0.05 for a 95% confidence level. The significance of these 
parameters is also supported by the Pareto chart displayed in Figure 4. 3. It can be observed that 
the standardized effects are the t statistics shown in the Session window of Minitab. The t-
statistics are calculated by dividing each coefficient by its standard error (Coef/SE Coef). The 
reference line is calculated using lenth's pseudo-standard error (PSE). The pseudo-standard error 
is based on the concept of sparse effects, which assumes the variation in the smallest effects is 
because of random error. Part of the main interactions in the model are: Demand x CCF x SCC; 
Demand x CCF; CCF x PCC; CCF x LR; Demand x CCF x UPC and Demand x UPC. The 
significant influence of the Demand and CCF factors are therefore highlighted.  
4.5.2 EXPERIMENT 2 
In Experiment 2, the quadratic model of Experiment 1 is developed by the evaluation of 5 levels 
using the central composite design. As previously explained in Section 4.4.2, the αCCD value is 
required for axial points. The experimental design and response values for Experiment 2 are 
presented in Table 4.5. The statistical results are presented in the ANOVA table (Table 4.6). The 
influences of the six main factors and their interactions are evaluated. From the results displayed 
in Table 4.4b it is possible to conclude that the Demand, the CCF and the PCC are the factors 
that are statistically significant however some interactions in this quadratic model are also 
relevant: Demand2, DemandxCCF and CCF2. Although the lack of fit is significant, meaning that 
its Pvalue is smaller than the significance level of 0.05  (Table 4.6), this does not mean that the 
quadratic model is totally inadequate (Stat-Ease, 2004). The resulted regression function is 
presented in Equation (4). The R2 of this experiment is 95.3% which means that a good 
representation of the model could be done by the use of the resulted regression function (Equation 
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4.4). Moreover, this function allows to find the best levels for parameters when the response is 
optimized. The effects in the response for the + αCCD are shown in Figure 4.4. 
Z[ = 2115784 + 681632[#P^&) − 537902` + 90325a − 668331a ± 81033([#P^&)) +
219017(`) − 119105([#P^&))(`)     (4.4) 
TABLE 4.2 EXPERIMENT 1. TREATMENT MATRIX FOR THE FACTORIAL DESIGN AND RESULTS FOR THE RESPONSE 
TDC. 
Test Demand CCF LR PCC SCC UPC 
Response 
(TDC, $ per 
day) 1x106 
1 -1 -1 -1 -1 -1 -1 1.54 
2 1 -1 -1 -1 -1 1 2.71 
3 -1 1 -1 -1 -1 1 0.75 
4 1 1 -1 -1 -1 -1 2.17 
5 -1 -1 1 -1 -1 1 1.70 
6 1 -1 1 -1 -1 -1 2.88 
7 -1 1 1 -1 -1 -1 0.80 
8 1 1 1 -1 -1 1 2.23 
9 -1 -1 -1 1 -1 1 1.62 
10 1 -1 -1 1 -1 -1 2.93 
11 -1 1 -1 1 -1 -1 0.77 
12 1 1 -1 1 -1 1 2.23 
13 -1 -1 1 1 -1 -1 1.99 
14 1 -1 1 1 -1 1 3.50 
15 -1 1 1 1 -1 1 0.88 
16 1 1 1 1 -1 -1 2.38 
17 -1 -1 -1 -1 1 1 1.22 
18 1 -1 -1 -1 1 -1 2.98 
19 -1 1 -1 -1 1 -1 0.90 
20 1 1 -1 -1 1 1 1.73 
21 -1 -1 1 -1 1 -1 1.52 
22 1 -1 1 -1 1 1 3.50 
23 -1 1 1 -1 1 1 1.02 
24 1 1 1 -1 1 -1 1.86 
25 -1 -1 -1 1 1 -1 1.49 
26 1 -1 -1 1 1 1 3.55 
27 -1 1 -1 1 1 1 0.98 
28 1 1 -1 1 1 -1 1.87 
29 -1 -1 1 1 1 1 1.60 
30 1 -1 1 1 1 -1 3.69 
31 -1 1 1 1 1 -1 1.03 
32 1 1 1 1 1 1 1.91 
 
TABLE 4.3 ANOVA TABLE OF EXPERIMENT 1 
Source DF Seq SS Adj SS Adj MS F Pvalue 
Main effects 5 2.31x1013 2.31x1013 3.85x1012 7673.35 0.000 
2-Way 
Interactions 15 7.93x1011 7.93x1011 5.28x1010 105.33 0.009 
3-Way 
Interactions 8 9.07x1011 9.07x1011 1.13x1011 225.90 0.004 
Residual Error 2 1.00x109 1.00x109 5.02x108   
Total 31 2.48x1013 
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TABLE 4.4 COEFFICIENTS AND P-VALUES OF THE EXPERIMENTS 
a) Experiment 1 b) Experiment 2 
Term Coef (1x103) P Term 
Coef 
(1x103) 
P 
Constant 1935.728 0.000 Constant 2115.784 0.000 
Demand 697.979 0.000 Demand 681.632 0.000 
CCF -466.331 0.000 CCF -537.902 0.000 
LR 96.033 0.002 LR -40.616 0.356 
PCC 91.155 0.002 PCC 90.325 0.047 
SCC -6.548 0.240 SCC 82.782 0.067 
UPC 9.156 0.147 UPC -66.833 0.134 
Demand*CCF -119.105 0.001 Demand*Demand -81.033 0.037 
Demand*LR 15.983 0.056 CCF*CCF 219.017 0.000 
Demand*PCC 34.189 0.013 LR*LR -47.051 0.213 
Demand*SCC 11.522 0.101 PCC*PCC -51.073 0.177 
Demand*UPC 27.621 0.020 SCC*SCC -48.420 0.200 
CCF*LR -50.527 0.006 UPC*UPC -62.434 0.102 
CCF*PCC -54.522 0.005 Demand*CCF -119.105 0.026 
CCF*SCC -50.089 0.006 Demand*LR -12.912 0.799 
CCF*UPC -12.912 0.083 Demand*PCC 15.983 0.752 
LR*PCC 0.646 0.885 Demand*SCC 34.189 0.502 
LR*SCC -7.118 0.214 Demand*UPC -50.089 0.327 
LR*UPC 1.279 0.777 CCF*LR 27.621 0.587 
PCC*SCC -4.532 0.371 CCF*PCC -50.527 0.323 
PCC*UPC -2.432 0.602 CCF*SCC -54.522 0.287 
SCC*UPC 0.233 0.958 CCF*UPC 11.522 0.820 
Demand*CCF*LR -13.386 0.078 LR*PCC -4.532 0.929 
Demand*CCF*PCC -20.474 0.035 LR*SCC -7.118 0.888 
Demand*CCF*SCC -159.735 0.001 LR*UPC 0.233 0.996 
Demand*CCF*UPC -47.226 0.007 PCC*SCC 0.646 0.990 
Demand*LR*PCC -0.050 0.991 PCC*UPC -2.432 0.962 
Demand*LR*SCC -0.203 0.964 SCC*UPC 1.279 0.980 
Demand*LR*UPC 2.298 0.620 
   
Demand*PCC*SCC -1.472 0.746 
   
R2=100.00%    R2=95.3% 
 
FIGURE 4. 3 PARETO CHART OF THE FACTORS IN EXPERIMENT 1 
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TABLE 4.5 EXPERIMENT 2. EXPERIMENTAL DESIGN FOR THE CENTRAL COMPOSITE DESIGN AND RESPONSE 
VALUES.  
Test Demand CCF LR PCC SCC UPC 
Response (TDC, 
$ per day) 1x106 
1 -1 -1 -1 -1 -1 -1 1.54 
2 1 -1 -1 -1 -1 1 2.71 
3 -1 1 -1 -1 -1 1 0.75 
4 1 1 -1 -1 -1 -1 2.17 
5 -1 -1 1 1 -1 -1 1.70 
6 1 -1 1 1 -1 1 2.88 
7 -1 1 1 1 -1 1 0.80 
8 1 1 1 1 -1 -1 2.23 
9 -1 -1 1 -1 1 -1 1.62 
10 1 -1 1 -1 1 1 2.93 
11 -1 1 1 -1 1 1 0.77 
12 1 1 1 -1 1 -1 2.23 
13 -1 -1 -1 1 1 -1 1.99 
14 1 -1 -1 1 1 1 3.50 
15 -1 1 -1 1 1 1 0.88 
16 1 1 -1 1 1 -1 2.38 
17 0 0 0 0 0 0 2.07 
18 0 0 0 0 0 0 2.07 
19 0 0 0 0 0 0 2.07 
20 0 0 0 0 0 0 2.07 
21 -1 -1 1 -1 -1 1 1.22 
22 1 -1 1 -1 -1 -1 2.98 
23 -1 1 1 -1 -1 -1 0.90 
24 1 1 1 -1 -1 1 1.73 
25 -1 -1 -1 1 -1 1 1.52 
26 1 -1 -1 1 -1 -1 3.50 
27 -1 1 -1 1 -1 -1 1.02 
28 1 1 -1 1 -1 1 1.86 
29 -1 -1 -1 -1 1 1 1.49 
30 1 -1 -1 -1 1 -1 3.55 
31 -1 1 -1 -1 1 -1 0.98 
32 1 1 -1 -1 1 1 1.87 
33 -1 -1 1 1 1 1 1.60 
34 1 -1 1 1 1 -1 3.69 
35 -1 1 1 1 1 -1 1.03 
36 1 1 1 1 1 1 1.91 
37 0 0 0 0 0 0 2.07 
38 0 0 0 0 0 0 2.07 
39 0 0 0 0 0 0 2.07 
40 0 0 0 0 0 0 2.07 
41 -α 0 0 0 0 0 0.39 
42 α 0 0 0 0 0 3.39 
43 0 -α 0 0 0 0 5.33 
44 0 α 0 0 0 0 1.81 
45 0 0 -α 0 0 0 2.13 
46 0 0 α 0 0 0 2.03 
47 0 0 0 -α 0 0 1.88 
48 0 0 0 α 0 0 2.23 
49 0 0 0 0 -α 0 1.94 
50 0 0 0 0 α 0 2.21 
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TABLE 4.5 (CONTINUATION) 
51 0 0 0 0 0 -α 1.53 
52 0 0 0 0 0 α 2.47 
53 0 0 0 0 0 0 2.07 
54 0 0 0 0 0 0 2.07 
 
TABLE 4.6 ANOVA TABLE OF EXPERIMENT 2 
 
 
FIGURE 4.4 MAIN EFFECT PLOTS FOR THE FIRST QUADRATIC MODEL (EXP. 2) 
4.5.3 OPTIMAL LEVELS FOR EACH FACTOR 
The results from the quadratic models are used to perform an impact analysis of the optimal 
levels of each factor. As previously highlighted, for Experiment 1 the main factors are Demand, 
CCF, LR and PCC, 5 double interactions and 1 triple. But, if we take into account the quadratic 
model (Experiment 2), only Demand, CCF and PCC are significant and the main interaction is 
between Demand and CCF. The influence of UPC can also be visualized. From these observations, 
different experiments can be done for validation purpose. In this section, the base “original” case 
presented in (De-León Almaraz et al., 2014) is compared with different factor level combinations 
for Experiments 1 and 2 and finally the optimization response is performed in Minitab to find the 
best combination for a given target for TDC. The obtained results are displayed in Table 4.7 and 
Source DF Seq SS Adj SS Adj MS F Pvalue 
Regression 27 3.83x1013 4.01x1013 1.42x1012 17.31 0.000 
Linear 6 3.34x1013 3.34x1013 5.58x1012 69.47 0.000 
Square 6 4.09x1012 4.09x1012 6.83x1011 8.50 0.000 
Interaction 15 7.93x1011 7.93x1011 5.28x1010 0.66 0.798 
Residual 
Error 24 1.92x1012 1.92x1012 8.03x1010   
Lack-of-Fit 17 1.92x1012 1.92x1012 1.13x1011 2.2265x107 0.000 
Pure Error 7 35651 35651 5093   
Total 53 4.28 x1013     
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the corresponding HSC configurations for 2050 are also given (Figure 4.5 to Figure 4.8). For 
Experiment 1, an optimization in GAMS has considered the values of Demand (-1), CCF (+1), LR 
(+1), PCC (-1) and UPC (-1). For Experiment 2, the following values for Demand (-αCCD ), CCF 
(+1), PCC (+1) and UPC (-αCCD ) are considered. The results for “original”, Experiment 1 and 
Experiment 2 are listed in Table 4.7. The optimization response is finally computed. Minitab 
proposes values of Demand (+αCCD ), CCF (+αCCD ), LR (-αCCD ), PCC (-αCCD ), SCC (αCCD ) and UPC 
(-αCCD ) to achieve a TDC of $ 1,890 million per day (equivalent to an average unit cost of $5.49 
per kg H2) (see Table 4.7).  
TABLE 4.7 COST OPTIMIZATION RESULTS OF THE HSC IN THE MIDI-PYRÉNÉES REGION AND THE BEST 
CONFIGURATIONS 
Original Experiment 1 
Year 2020 2030 2040 2050 2020 2030 2040 2050 
Demand (t per day) 7.9 59.4 138.8 198.2 3.9 29.7 69.4 99.1 
Number of total production facilities 25 43 43 43 22 45 46 46 
Number of total storage facilities 22 41 71 116 26 37 70 97 
Number of transport units - 5 14 22 0 1 5 7 
Capital cost 
   
          
Plants and storage facilities (106 $) 338.5 1 081.5  171.2 127.8 194.2 554.7 146.9 55.0 
Transportation modes  (106 $)         0 2.5 7.0 11.0 0.0 0.5 2.5 3.5 
Operating cost 
   
          
Plants and storage facilities (103 $ per day) 50 245 496 676 22 112 232 324 
Transportation modes (103 $ per day)          0 2 7 11 0 0 2 3 
Total daily cost (103 $ per day) 127.67 496.63 549.28 726.58 66.20 240.58 271.15 344.59 
Cost per kg H2 ($) 16.17 8.36 3.96 3.67 16.73 8.10 3.91 3.48 
Experiment 2 Optimization response 
Year 2020 2030 2040 2050 2020 2030 2040 2050 
Demand (t per day) 0.8 5.9 13.9 19.8 15.0 112.9 263.7 376.5 
Number of total production facilities 22 22 29 36 33 34 35 35 
Number of total storage facilities 24 46 58 80 51 73 80 99 
Number of transport units 0 0 0 0 1 10 24 29 
Capital cost                 
Plants and storage facilities (106 $) 173.8 76.1 77.1 51.8 717.5 1024.1 602.8 211.4 
Transportation modes  (106 $)         0.0 0.0 0.0 0.0 0.5 5.0 12.0 14.5 
Operating cost             
Plants and storage facilities (103 $ per day) 3 22 49 71 50 271 550 785 
Transportation modes (103 $ per day)          0 0 0 0 0 6 12 17 
Total daily cost (103 $ per day) 42.62 39.40 67.33 83.19 191.50 483.69 692.51 860.60 
Cost per kg H2 ($) 53.74 6.63 4.85 4.20 12.76 4.28 2.63 2.29 
 
 
FIGURE 4.5 MAP OF THE ORIGINAL SCENARIO IN 
2050 
 
FIGURE 4.6 MAP OF THE SCENARIO “EXP 1” IN 
2050 
 
FIGURE 4.7 MAP OF THE SCENARIO “EXP 2” IN 
2050 
 
FIGURE 4.8 MAP OF THE SCENARIO 
“OPTIMIZATION RESPONSE” IN 2050 
Figure 4.5 represents the original distribution in 2050. It is clear that the distribution of the 
plants is not centralized. In experiment 1 (Figure 4.6), it is observed that the cost in 2050 and the 
average cost are not close, which can be attributed to a low value of demand. Figure 4.7 shows the 
distribution of experiment 2. In 2050 the cost is higher than the value obtained in the original 
model and there is no transportation. Also, in the first period in this experiment, the cost per kg 
is too high (Table 4.7) due to the installation of all the plants and facilities in order to satisfy a 
very low demand. From the second period (2030) the cost decreases to the use of the already 
installed plant, thus reducing the capital cost. The main difference between experiment 1 and 2 is 
the impact of the demand. Even though in Experiment 2 the TDC is low, the cost per kg is high. 
The opposite effect is observed with Experiment 1. In order to obtain the optimization response, 
an average cost is fixed as an objective and is then converted into a TDC response value (Table 
4.7). It must be said that the TDC and the average cost are not proportional. The result for 2050 
of the optimization response is presented in Figure 4.8. It can be highlighted that the average cost 
and the cost in all the periods are better than the values obtained in the original model, with a 
centralized distribution mainly with SMR production. This can be explained by the increase in 
both demand and CCF, and also by the UPC decrease. 
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4.5.4 DISCUSSION 
In general, the demand is the most significant factor but CCF is also very significant in the 
current formulation of the HSC. If we take into account other factors, the PCC and LR are also 
relevant and UPC is significant for its interactions with each other. By taking into account the 
parameters and the uncertainty (e.g. the demand), the objective function of the HSC can be 
improved by considering other representative functions such as the net present value (NPV). In 
this section, the research questions addressed in section 4.1.2 can be answered: 
• CapEx vs. OpEx: for the case study that supports this methodological approach, 
considering that the geographical scale of Midi-Pyrénées is small compared to France, the 
capital cost has a larger impact in the first periods (2020 and 2030) than in the following 
ones, making the CCF a very important parameter. In the last periods (2040 and 2050) 
the operating cost drives the UPC. Yet, the UPC alone is not statistically significant but 
its interaction with the Demand is. Based on this conclusion, the UPC calculation could be 
improved in order to take into account different costs for electrolysis process resulting 
from different energy sources and technologies (wind, PV, hydro ...).  For that, a new 
calculation approach of the UPC is needed and will be implemented in our further works.  
• In the original model, the UPC is a fixed parameter which only varies depending on the 
size of the production unit but does not integrate the contribution of the different costs 
leading to the unit production cost ($ per kg H2). Yet, as mentioned in the 
(McKinsey&Company, 2010) report, a better vision of UPC is to consider the fixed, 
electricity and feedstock costs. The fixed cost is related to labour and maintenance. For 
the sake of illustration, a value of  electricity consumption of 0.48 kWhelec/kg H2 for the 
small and medium central plants of SMR and 0.44 kWhelec/kg H2 for larger plants in 2020 
is predicted (McKinsey&Company, 2010). All the contributions are reflected in Equation 
(4.5), where the UPC calculation ($ per kg H2) is given by the addition of the fixed cost of a 
production plant type p size j in the time period t (FCPepjt, $ per kg H2), the electricity cost 
for general usage in a production plant type p size j projected for the time period t (ECepjt, 
$ per kg H2) and the feedstock e cost for production plant p type size j (FSCepjt). The 
FSCepjt is obtained by multiplying the feedstock e efficiency in the process p size j in time t 
(kWhelec/kg H2) by the feedstock e price ($/kWhelec), for electrolysis process, the feedstock is 
considered as electricity and the energy source cost will vary depending on the type, e.g. 
fossil vs. renewable.  
UPCf,g,h.i = FCPf,g,h,i + ECf,g,h,i + FSCf,g,h,i     (4.5) 
• The feedstock cost is likely to gain importance because it depends on the energy transition 
scenario and could induce a cost change of renewable energy impacting the hydrogen cost 
in the long time horizon from 2020 to 2050.  
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• According to the results, the Demand and CCF have the greatest impact in the TDC but 
PCC is also important. The other parameters have some impact, but only through their 
interaction.  
• By taking into account the parameters and the uncertainty (e.g. the demand), the 
objective function of the HSC can be improved by considering a more realistic 
representation as the net present value (NPV) for decreasing the current CCF impact in 
the optimization results. Efforts to represent and integrate demand uncertainty are also 
mandatory. Finally, some efforts to better represent capital costs of facilities can take 
place as well as the new calculation of UPC. 
Various experiments have been performed and have highlighted that the main interactions are: 
Demand x CCF, Demand x UPC, Demand x CCFx UPC and Demand x CCF x SCC. 
4.6 CONCLUSIONS AND PERSPECTIVES 
In this chapter, a sensitivity analysis (SA) is performed in the logistic model of the HSC to detect 
the most sensitive parameters and their interactions. Six important factors were analysed: 
demand, capital change factor (CCF), storage and production capital costs (SSC and PCC), 
learning rate (LR) and unit production cost (UPC). A special attention has been paid on the 
response variable, i.e., the Total Daily Cost (TDC). The chosen methodology to perform the SA 
was the DOE through the use of statistical tools such as Factorial Design and Response Surface 
methods. This methodology is considered to be more consistent than the one-at-a-time approach 
mainly for two reasons: first, quantitative results are generated in a few optimization runs and 
the method has the advantage to measure parameter interactions. The implementation of these 
statistical methods for the SA of the HSC is one of the main contributions of this chapter. The SA 
was grouped into two experiments (one linear and one quadratic). In both experiments, not 
surprisingly, the demand is the factor that is by far the most significant parameter that strongly 
conditions the optimization criterion of the original HSC model, the second most important 
parameter is the capital change factor. Then, any change that could occur relative to demand or 
CCF could strongly affect the variable response. 
As the demand is a very important parameter, special attention must be paid to its modelling. 
One of the characteristics in the future HSCs is the fact that the demand is not yet known. For 
that, its uncertainty is an important issue to be taken into account. Several strategies could thus 
be implemented to tackle demand uncertainty, implementing DOE for each one to analyse its 
impact in the objective function. 
Concerning the other factors, PCC and, in a less extent, LR are also important. The main 
interactions are between Demand, CCF, UPC and SCC, founding so that the calculation of UPC 
must be improved.  The set of the best levels of Experiment 1 and 2 as well as the optimization 
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run are compared with those previously obtained for Midi-Pyrénées with cost minimization. No 
significant difference is observed between the original model and Experiment 1. Experiment 2 
presents a difference mainly in the first period and in the transport between grids, mostly due to 
the low value of the demand. For the optimization response, a significant difference is observed, 
mainly in the hydrogen cost per kg. 
Some perspectives of this work can be highlighted. Based on the results regarding the CCF, the 
calculation of the TDC could be improved by the use of discounted costs associated with each time 
period (Sabio et al., 2010) to be less influenced by the CCF and the LR parameters. The NPV 
profitability criterion could also be used as an objective function. Subventions could also be taken 
into account to help and initiate the HSC. A sensitivity analysis of some elements of the 
operational costs (e.g. the rate of utilization of primary energy source or the process efficiency) 
could also be performed as well as the analysis of a high variation in energy source availability. 
Some previous studies have already considered some of these factors (ADEME, 2015; Burrill, 
1997). Other parameters such as the safety stock period, new tube trailer capacities and the use 
of pipelines could also be evaluated in future case studies. Considering that the most important 
parameter is the demand, more effort is needed to find the more consistent way to model this 
parameter especially since a long time horizon is considered. It must be emphasized that demand 
uncertainty has been introduced before by (Almansoori and Shah, 2012; Kim et al., 2008) through 
scenario analysis. Although uncertainty could be considered as a mature area (Fahimnia et al., 
2015), optimization models that incorporate it are usually large in size and difficult to solve 
(Papageorgiou, 2009; Snyder et al., 2014; Garcia and You, 2015) so that algorithmic and 
computational challenges still arise to address uncertainty modelling techniques. 
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CHAPTER 5 
OPTIMIZATION OF A HYDROGEN SUPPLY 
CHAIN NETWORK DESIGN BY MULTI-
OBJECTIVE GENETIC ALGORITHMS UNDER 
DEMAND UNCERTAINTY 
Abstract 
Hydrogen is currently considered as one of the most promising energy carriers for mobility 
applications. A model of the hydrogen supply chain (HSC) based on MILP formulation (Mixed 
Integer Linear Programming) in a multi-objective strategy implemented via the ε-constraint 
method to generate the Pareto front was carried out in a previous work and applied to the region of 
Midi-Pyrénées. Yet, the size and in particular the number of binary variables often lead to 
difficulties for problem solution. In this chapter, the potential of genetic algorithms (GA) via a 
variant of NSGA-II is explored to cope with the multi-objective formulation, in order to produce 
compromise solutions automatically. The solutions obtained by GA exhibit the same order of 
magnitude as those obtained with MILP in the mono-criterion problem, but better compromise 
solutions are produced in the multi-objective formulation. Also, since hydrogen demand is one the 
most significant parameters, a GA model was developed taking into account the uncertainty of the 
demand, modelled using fuzzy concepts. The solutions are compared with the original crisp models 
either based on MILP or on GA, giving more robustness to the proposed approach. 
Résumé 
L'hydrogène est actuellement considéré comme l'un des vecteurs énergétiques les plus prometteurs 
pour les applications de mobilité. Un modèle de la chaîne logistique « hydrogène » (HSC) basée sur 
une formulation MILP (programmation linéaire en nombres mixte) dans une formulation multi-
objectif a été mise en œuvre par la méthode ε-contrainte pour générer le front de Pareto dans un 
travail précédent sur un cas d’application portant sur l’ancienne région de Midi-Pyrénées. 
Pourtant, la taille et en particulier le nombre de variables binaires conduisent souvent à des 
difficultés pour résoudre le problème. Dans ce chapitre, le potentiel des algorithmes génétiques 
(AG) via une variante de NSGA-II est exploré pour faire face à la formulation multi-objectif, afin 
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de produire automatiquement des solutions de compromis. Les solutions obtenues par AG 
présentent le même ordre de grandeur que celles obtenues avec MILP dans le problème mono-
critère, mais de meilleures solutions de compromis sont produites dans la formulation multi-
objectif. De plus, comme la demande en hydrogène est l'un des paramètres les plus significatifs, un 
modèle GA a été développé en tenant compte l'incertitude de la demande, modélisée à l'aide de 
concepts flous. Les solutions sont comparées avec celles des modèles originaux par MILP ou AG, 
donnant plus de robustesse à l'approche proposée. 
Keywords: Hydrogen Supply Chain, Optimization, Genetic Algorithm, NSGA II. 
Acronyms 
CCS  Carbon Capture and Storage 
GA Genetic algorithms 
GHG Greenhouse Gas 
GWP Global Warming Potential 
HSC Hydrogen supply chain 
MCDM Multi-Criteria Decision Making 
MILP Mixed Integer Linear Programming 
MINLP Mixed Integer Nonlinear Programming 
NSGA-II Non-dominated sorting genetic algorithm 
SAA Sample Average Approximation 
SCND Supply chain network design 
SMR Steam Methane Reforming 
TDC Total Daily Cost 
TOPSIS Technique for Order Preference by Similarity to Ideal Solution 
VBA Visual Basic for Applications 
 
Indices 
g and g’ Grid squares such that g' ≠ g (8) 
i Product physical form 
l Type of transportation modes 
p Plant type with different production technologies 
s Storage facility type with different storage technologies 
e Energy source type 
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Parameters 
β Storage holding period-average number of days’ worth of stock (days) 
γepj Rate of utilization of primary energy source e by plant type p and size j (unit 
resource/unit product) 
ADgg’ Average delivery distance between g and g’ by transportation l (km per trip) 
Adjgg’ Road risk between grids g and g' (units) 
CCF Capital change factor payback period of capital investment (years) 
DTig Total demand for product form i in grid g (kg per day) 
DWl Driver wage of transportation mode l (dollars per hour) 
FEl Fuel economy of transportation mode l (km per litre) 
FPl Fuel price of transportation mode l (dollars per litre) 
GEl General expenses of transportation mode l (dollars per day) 
GWProdp Production GWP by plant type p (g CO2-eq per kg of H2) 
GWStocki Storage global warming potential form i (g CO2-eq per kg of H2) 
GWTransl Global warming potential of transportation mode l  (g CO2 per ton-km) 
LUTl Load and unload time of product for transportation mode l (hours per trip) 
MEl  Maintenance expenses of transportation mode l (dollars per km) 
NOP Network operating period (days per year) 
Qmaxil Maximum flow rate of product form i by transportation mode l (kg per day) 
Qminil Minimum flow rate of product form i by transportation mode l (kg per day) 
PCapmaxpi Maximum production capacity of plant type p for product form i (kg per day) 
PCapminpi Minimum production capacity of plant type p for product form i (kg per day) 
PCCpi Capital cost of establishing plant type p producing product form i (dollars) 
RPp Risk level of the production facility p (units) 
RSs Risk level in storage facility s (units) 
RTl  Risk level of transportation mode l (units) 
SCapmaxsi Maximum storage capacity of storage type s for product form i (kg) 
SCapminsi Minimum storage capacity of storage type s for product form i (kg) 
SCCsi Capital cost of establishing storage type s storing product form i (dollars) 
SPl Average speed of transportation mode l (km per hour) 
SSF Safety stock factor of primary energy sources within a grid (%) 
TCapil Capacity of transportation mode l transporting product form i (kg per trip) 
TMAl  Availability of transportation mode l (hours per day) 
TMCil Cost of establishing transportation mode l for product form i (dollars) 
UPCpi Unit production cost for product i produced by plant type p (dollars per kg) 
USCsi Unit storage cost for product form i at storage type s (dollar per kg-day) 
Wl Weight of transportation mode l (tons) 
WFPg Weigh factor risk population in each grid (units) 
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Variables 
α Rate of utilization of the tolerance  
AHig Available hydrogen in the grid g 
DLig Demand for product i in grid g satisfied by local production (kg per day) 
DIig  Imported demand of product form i to grid g (kg per day) 
FC Fuel cost (dollars per day) 
FCC Facility capital cost (dollars) 
FOC Facility operating cost (dollars per day) 
GC General cost (dollars per day) 
GWPTot Total global warming potential of the network (g CO2-eq per day) 
LC Labour cost (dollars per day) 
MC  Maintenance cost (dollars per day) 
NPpig Number of plants of type p producing product form i in grid g 
NSsig Number of storage facilities of type s for product form i in grid g 
NTUilgg’ Number of transport units between g and g’ 
PDig Tolerance of the demand in grid g 
PGWP Total daily GWP in the production facilities p (g CO2-eq per day) 
PRpig  Production rate of product i produced by plant type p in grid g (kg per day) 
PTig Total production rate of product i in grid g (kg per day) 
Qilgg’ Flow rate of product i by transportation mode l between g and g’(kg per day) 
RPig Received hydrogen in grid g 
SGWP Total daily GWP in the storage technology s (g CO2-eq per day) 
SPig Overproduction of hydrogen in grid g 
STig  Total average inventory of product form i in grid g (kg) 
TCC Transportation capital cost (dollars) 
TDC   Total daily cost of the network (dollars per day) 
TGWP  Total daily GWP in the transportation mode l (g CO2-eq per day) 
TOC Transportation operating cost (dollars per day) 
TotalRisk Total risk of this configuration (units) 
TPRisk Total risk index for production activity (units) 
TSRisk Total risk index for storage activity (units) 
TTRisk Total risk index for transport activity (units) 
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5.1 INTRODUCTION 
Hydrogen is one of the most promising energy carriers in the quest for a more sustainable energy 
mix to be used in different applications such as stationary fuel cell systems and electro-mobility 
applications. Different ways to produce, store and distribute hydrogen already exist for chemistry 
applications but, currently, hydrogen is mostly obtained from fossil fuels and hydrogen is 
generally used for on-site applications.  
The challenge of developing a future commercial hydrogen economy clearly still remains through 
the deployment of a viable Hydrogen Supply Chain (HSC) taking into account the most energy 
efficient, environmentally benign, safer and cost effective pathways to deliver hydrogen to the 
consumer (IEA, 2017). The HSC for the mobility market with H2 as a fuel is defined as a system 
of activities from suppliers to customers. The activities include the choice of the energy source, 
production technology, storage and distribution until the refuelling stations. Hydrogen can be 
produced either centrally (similar to existing gasoline supply chains) or distributed at forecourt 
refuelling stations as small-scale units that can produce H2 close to the use point in small 
quantities. 
The network design of the HSC applied to fuel cell electric vehicles has been studied in various 
works as highlighted in Table 5.1. The most common methodology to solve the HSC problems 
involves a MILP (Mixed Integer Linear Programming) approach. One typical example is the 
SHIPMod optimization-based framework developed by (Agnolucci et al., 2013), that consists of a 
multi-period spatially-explicit mixed-integer linear programming (MILP) formulation for the 
design of HSC and Carbon Capture Sequestration (CCS) pipeline networks over a long planning 
horizon. The work of (Moreno-Benito et al., 2016) has extended the SHIPMod model by the 
integration of some additional options such as hydrogen imports in the UK for a multi-period 
problem until 2070 by optimizing the net present value. Both works present a hierarchical 
procedure to reduce the resolution time by initializing the solutions in a two-stage approach. 
In the same vein, the work carried out in (De-León Almaraz et al., 2014) has solved a multi-period 
model using a deterministic MILP approach embedded in a GAMS/CPLEX environment with a 
multi-objective formulation implemented via the ε-constraint method to generate the Pareto 
front. The final choice for the HSC was performed through a multiple criteria decision-making 
process (i.e., Technique for Order of Preference by Similarity to Ideal Solution, TOPSIS). The 
modelling approach used one economic objective based on hydrogen total daily cost (TDC), one 
environmental objective based on GHG (GreenHouse Gas) emissions and a safety index.  
In this work as well as in the majority of the works reported in the literature, the economic 
criterion is formulated as a linear function which has the advantage to simplify problem solving. 
Much progress has been made in the solution of the supply chain network design (SCND) models, 
as emphasized in the recent work of (Eskandarpour et al., 2015) that analyses the development of 
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efficient multi-objective models that adequately addresses the different dimensions of sustainable 
development. Concerning solution techniques, standard and powerful solvers have been the most 
widely used tools to solve SCND models. However, the size and particularly the number of binary 
variables in practical supply chain problems often lead to numerical difficulties so that the initial 
problem must be decomposed in an upper level master problem which is a speciﬁc relaxation to 
obtain a lower bound on the cost, being combinatorically less complex than the original model. 
The lower level planning problem is typically solved for the selected set of technologies, yielding 
an upper bound on the total cost of the network for any feasible solution of the upper level 
(Guillén-Gosálbez et al., 2010). 
The results reported in (De-León Almaraz et al., 2014) have also shown that the solution strategy 
based on ɛ-constraint method for a multi-objective multi-period problem is not so straightforward, 
in particular for the creation of the pay-off tables. 
During this last decade, there has been a growing interest using genetic algorithms (GA) to solve 
a variety of single and multi-objective problems in supply chain management that are 
combinatorial and NP-hard (Dimopoulos and Zalzala, 2000; Gen and Cheng, 2000). The first 
scientific challenge of this work is then to explore the potential of genetic algorithms (GA) via a 
variant of NSGA II (Gomez et al., 2008) to tackle the combinatorial nature of the HSC design 
problem and to provide an automatic generation of the Pareto front of the resulting problem. 
The second scientific barrier is to model the uncertainty related to different variables and 
parameters of the HSC e.g., fuel price (Sabio et al., 2010) or hydrogen demand, which has been 
identified as one of the most significant parameters in the HSC. (Ochoa Robles et al., 2015, 2017). 
Several  methods  are  generally mentioned to model demand  uncertainty (Chen and Lee, 2004) 
(Jung et al., 2004) (You and Grossmann, 2008):  (i) the scenario-based approach, that is the most 
used method in which several discrete scenarios with associated probability  levels  are  used to 
describe expected occurrence of particular outcomes; (ii) the distribution-based  approach, where  
the  normal  distribution  with  specified  mean  and standard  deviation  is  widely  used for  
modelling  uncertain  demand  and/or  parameters; (iii) the fuzzy-based approach in which the 
forecast parameters are considered as fuzzy numbers with membership functions; (iv) the 
deterministic planning and scheduling models which incorporate safety stock levels for 
accommodating demand uncertainties in routine operation; and (v) the spatially aggregated 
demand model which estimates demand identifying the factors and attributes that influence the 
consumer choice, giving a special weight to each one, based on its impact level. 
As far as HSC is concerned, a significant work in this field is the study carried out by (Kim et al., 
2008) who developed a steady-state, stochastic MILP model to take into account the effect of 
hydrogen demand uncertainty. These authors analyse the total cost of the hydrogen network for 
various configurations using a two-stage stochastic programming approach. This work can be 
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seen as the first stochastic approach to optimize an HSC, even if on the one hand, the evolution of 
the hydrogen network over a long-term future planning horizon is not considered and, if on the 
other hand, the multiple and diverse primary energy feedstocks are not taken into account.  
A scenario planning approach to capture uncertainty in hydrogen demand over a long-term 
planning horizon is developed in (Almansoori and Shah, 2012). The variation of demand is 
represented by a set of scenarios for which a probability of occurrence is specified. The approach 
has been extended combining a reformulation of the two-stage stochastic model (Almansoori and 
Shah, 2012) with sample average approximation (SAA) technique and applied to Great Britain by 
(Nunes et al., 2015): a large number of scenarios can thus be managed, which enables the 
calculation of estimates for the objective function value using Monte Carlo simulations while 
providing statistically certified quality. This technique consists of repeatedly optimizing a set of 
random sample scenarios, generating different possible solutions for the problem. Then, these 
solutions are evaluated using new scenarios to allow the calculation of the problem statistical 
properties, evaluating their quality regarding optimality. 
Even if stochastic methods are traditionally used, they are generally time-consuming and may not 
represent the nature of uncertainty since the problem of hydrogen supply chain design can be 
viewed as a deployment problem for which data collection for demand is not available for a new 
product development problem. This reason motivates our choice to use an alternative approach 
based on fuzzy concepts (Verdegay, 1982; Villacorta et al., 2017).  
A comprehensive review of studies in the field of SCND (Supply Chain Network Design) and 
reverse logistics network design under uncertainty has been recently developed (Govindan et al., 
2017) and has shown that a few studies applied meta-heuristics approaches. Due to the NP-
hardness nature of SCND problem under uncertainty, developing this type of solution approaches 
can be viewed as a promising alternative. Even if meta-heuristics cannot guarantee the optimal 
solution for an optimization problem, these approaches can solve large-scale problems within 
appropriate time.  
This chapter first presents the methods and tools used for the development of a HSC design 
framework with uncertain hydrogen demand. The adaptation of the model previously developed 
in (De-León Almaraz et al., 2014)  is presented. A comparison between the results obtained by the 
two models for a multi-objective case based on the minimization of the Total Daily Cost (TDC), 
the Global Warming Potential (GWP) and a safety risk (Risk) measured by a relative risk of 
hydrogen activities proposed in (Kim et al, 2008). For this purpose, a case study developed for the 
former Midi-Pyrenees region in France and solved by the initial MILP model is used to validate 
the new methodology. A 3-echelon supply chain involving hydrogen production, transportation 
and storage in the territory divided into 8 sub-regions is considered. Some significant results are 
highlighted and compared with those previously obtained with crisp values. 
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Approach Territorial scale 
Uncertain 
parameters 
Author(s) 
Time scale (periods) 
Objective(s) Energy source Observations 
Mono Multi 
MILP 
Great Britain 
No 
(De-León Almaraz et al., 2013) x  
Cost, 
Ecological, 
Safety risk Natural gas, coal, 
biomass 
ε-constraint method for the 
multi-period problem 
(Guillén-Gosálbez et al., 2010) 
 
 5 (5 years) 
Cost, 
Ecological 
The Pareto front is obtained by 
the  -constraint method 
(Agnolucci et al., 2013)  9 (2020-2060) 
Financial 
Coal, Natural gas, 
Biomass (CCS), 
renewable 
Development of a spatially-
explicit MILP model, called 
SHIPMod (Spatial Hydrogen 
Infrastructure Mode) 
(Samsatli et al., 2016)  4 (seasons) 
Wind, renewable 
sources 
 
(Almansoori and Shah, 2006) x  
Natural gas, coal, 
biomass, other 
renewable sources 
 
 
(Almansoori and Shah, 2009)  5 (2005-2034) 
 
Demand 
(Almansoori and Shah, 2012)  3 (2005-2022) 
Demand uncertainty is 
modelled using scenario-based-
approach 
Korea (Kim et al., 2008) x  
Natural gas, 
renewable sources 
Demand uncertainty is 
modelled using scenario-based-
approach 
Germany 
No 
(Almansoori and Betancourt-
Torcat, 2016) 
x  
Natural gas, Coal 
(CCS), Biomass 
 
Jeju Island, Korea (Woo et al., 2016)  12 (months) Biomass 
A sensitivity analysis is 
conducted to provide insights 
into the efficient management 
of the biomass-to-hydrogen 
supply chain 
Midi-Pyrénées, France 
(De-León Almaraz et al., 2014) 
 
 4 (2010-2050) 
Cost, 
Ecological, 
Safety risk 
Natural gas, 
photovoltaic, wind, 
hydro, nuclear  
ε-constraint method for the 
multi-period problem 
Regional level (Hugo et al., 2005) 
 
5 (2004-2038) 
Financial, 
Ecological 
Natural gas, coal, 
biomass, other 
renewable sources 
The territorial scale is not 
specified, only defined as a 
"geographical region" 
China (Li et al., 2008)  5 (2010-2034)   
Malaysia (Kamarudin et al., 2009) x 
 
Cost 
Natural gas, coal, 
biomass, water 
electrolysis 
Two methods for demand 
determination: one based on 
the prediction of vehicle 
numbers and the other based 
on the supply of gasoline and 
diesel 
Korea (Kim and Moon, 2008) x 
 
Financial, 
Safety 
Natural gas, 
renewable sources 
The relative risk index 
proposed is based on the 
relative risks of individual 
components of hydrogen 
infrastructure 
Spain Fuel price (Sabio et al., 2010) 
 
8 Financial, Risk 
Natural gas, coal 
(CCS), Biomass, 
renewable resources 
The uncertainty is associated 
to the operating costs  
MINLP-GIS Pakistan 
No 
(Gondal and Sahir, 2013) x 
 
Financial Biomass 
 Fuzzy multiple 
objective 
programming 
Korea (Han et al., 2013) x 
 Financial, 
Ecological, 
Risk 
Natural gas (CCS), 
other renewable 
sources 
 Genetic 
Algorithms 
Midi-Pyrénées, France (Ochoa Robles et al., 2016) 
 
4 (2010-2050) 
Natural gas, 
renewable sources 
 
MINLP Unspecified (Zhou et al., 2013) 
  
Financial, 
Ecological 
  
The Pareto front is obtained by 
an adaptive weighted-sum 
method 
 
TABLE 5.1 TERRITORIAL APPROACH OF THE HSC STUDIES 
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5.2 METHODS AND TOOLS 
5.2.1 GENERAL PRINCIPLES OF HSC FRAMEWORK DESIGN WITH UNCERTAIN DEMAND 
The general methodology of HSC design proposed in this work is illustrated in Figure 5.1. The 
design model evaluates the techno-economic, environmental and risk criteria simultaneously. The 
two variants, the HSC model based on a deterministic MILP solution strategy developed in (De-
León Almaraz et al., 2014) and the one specifically proposed in this work, embedding a HSC 
model in an external optimization loop based on a Genetic Algorithm.  Figure 5.1 shows the 
extended flow diagram of the methodology proposed for HSC design optimization taking into 
account both the Multi-Objective Optimization framework and the Multiple Criteria Decision 
Making tool selected in order to find the most interesting solution from the compromise solutions 
obtained from the Pareto front based on a variant of the TOPSIS method (Ren et al., 2007). The 
MULTIGEN environment previously developed in our research group (Gomez et al., 2008) was 
selected as the genetic algorithm platform. It can treat both mono- and multi-objective problems. 
The demand uncertainty has been modelled using fuzzy concepts as presented in (Verdegay, 1982; 
Villacorta et al., 2017).  
All the choices made are justified in what follows. 
5.2.2 CAPTURING HSC DESIGN MODEL IN A GA ENVIRONMENT 
The mathematical model previously developed by (De-León Almaraz, 2014) for HSC design was 
solved within the GAMS 23.9 environment by using CPLEX solver. In this study, three criteria 
are minimized: the production cost of hydrogen, the global warming potential (GWP) and a risk 
indicator. In the optimization model, the territory is divided into districts in which the number, 
size and type of production and storage units (integer variables) have to be determined with the 
considered objective functions and constraints as well as the flow rate (continuous variables) of 
hydrogen transported into the network. An average distance between the main cities is 
considered to calculate the delivery distances over the road network. The technical, financial and 
environmental data as well as the hydrogen demand are embedded in the model as input 
parameters.  
This model has been adapted to be embedded in an external optimization loop based on multi-
objective genetic algorithm. The whole model is presented to maintain its integrity and the 
changes that have been adopted to consider the integration into the external optimization loop 
are presented in italics. It must be yet emphasized that the modelling purpose has not been 
changed in the crisp version of the model. 
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FIGURE 5.1 METHODOLOGY OF THE HSC DESIGN FRAMEWORK  
5.2.2.1 HSC MODELLING PRINCIPLES 
A general Supply Chain Network (SCN) model for hydrogen is considered (production plants, 
storage units, distribution grids and demand for each grid). The region considered for the SCN is 
divided into eight grids or zones.  
Figure 5.2 shows the HSC that will be considered.  
The following assumptions have been made: 
• The number of grids is known. 
• The capacity of the production plants and the storage plants are known. 
• The demand for each one of the grids is fixed and known (for the crisp model). 
• It is possible to either import or export hydrogen from/to each grid  
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• Each grid can produce hydrogen by three different ways, i.e, Steam Methane Reforming 
(SMR), electrolysis (centralised) and distributed electrolysis (decentralized, i.e., produced 
onsite for captive uses). 
 
FIGURE 5.2 SUPPLY CHAIN NETWORK MODEL 
The mathematical model formulation involves the following notations: 
• g and g': grid squares such that g' ≠ g (8) 
• i: product physical form (LH2) 
• l: type of transportation modes (tanker truck) 
• p: plant type with different production technologies (SMR, Electrolysis, DisElectrolysis) 
• s: storage facility type with different storage technologies (LH2 stock) 
• e: energy source type (natural gas, solar, wind, hydro, nuclear) 
5.2.2.2 COST OBJECTIVE 
The cost objective involves the total daily cost (TDC), representing the cost in $ per day of the 
entire HSC, where FCC is the facility capital cost ($), TCC is the transportation capital cost ($), 
NOP is the network operating period (days per year) related to the capital charge factor (CCF, in 
years). Then, the facility operating cost (FOC, $ per day) and the transportation operating cost 
(TOC, $ per day) are also associated. Also, the cost of imported energy (UIC as the unitary 
imported cost and IPES as the imported energy) is added. 
∑+++




 +
=
eg
egeIPESUICTOCFOCCCFNOP
TCCFCCTDC )(     (5.1) 
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where the FCC is related to the establishment of production and storage facilities. It is calculated 
by the product of the production and storage plants (NP and NS respectively) and their capital 
costs (PCC and SCC, respectively), divided by the learning rate, which is a cost reduction for 
technology and manufacturers that results from the accumulation of experience during a time 
period (van der Zwaan, 2009).	
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The TCC is the cost connected to the implantation of the transport. It depends on the flow rate 
between different grids (Q), the transportation mode availability (TMA), the distance between 
grids (AD) multiplied by two for the return journey, the average speed (SP), the loading/ 
unloading time (LUT) and the cost of establishing the transportation mode (TMC). 
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The FOC refers to the cost required to operate production and storage plants. It is given by the 
unit production and storage cost (UPC and USC, respectively) and the quantity of hydrogen 
produced and stored (PR and ST, respectively).  
∑ ∑ ∑ 
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,
     (5.4) 
Finally, the TOC takes into account: 
• the fuel cost (FC): given by the fuel price and the daily fuel usage, 
• the labour cost (LC): given by the driver wage and the total delivery time, 
• the maintenance cost (MC): represented by the maintenance of the transportation by 
distance travelled, 
• and the general cost (GC): it consists in the transportation insurance, license and 
registration, and outstanding finances. 
GCMCLCFCTOC +++=      (5.5) 
5.2.2.3 GLOBAL WARMING POTENTIAL OBJECTIVE 
The global warming potential (GWPTot, in g CO2 per day) is given by the total daily production 
GWP (PGWP, in g CO2 per day), the total daily storage GWP (SGWP, in g CO2 per day) and the 
total daily transport GWP (TGWP, in g CO2 per day). 
TGWPSGWPPGWPGWPTot ++=       (5.6) 
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The GWP related to the production is called PGWP and is given by the quantity of hydrogen 
produced (PR) and the emissions of CO2 associated to the production facilities (GWprod). 
)( prodi
pig
pig GWPRPGWP ∑=        (5.7) 
The GWP associated to the storage is the SGWP, where the hydrogen produced (PR) is related to 
the GWP for the storage technology (GWstock).  
)( stocki
pig
pig GWPRSGWP ∑=        (5.8) 
The GWP associated to transport (TGWP) is given by the distance (AD) and the flow rate of 
hydrogen (Q) between grids, the global warming potential (GWTrans) associated to the 
transportation mode and its weight (Wl). 
l
Trans
i
gi il
gig
wGW
TCap
QAD
TGWP ∑ 






=
'lg
'lg'lg2       (5.9) 
5.2.2.4 RISK OBJECTIVE 
In the total relative risk (TR), TPRisk is the total risk of production facilities (5.11), TSRisk is the 
total risk of storage facilities (5.12), and TTRisk is the total risk of transportation units (5.13). 
ZG = ZaG%> + Z=G%> + ZZG%>      (5.10) 
Each one is given by the multiplication of the number of production plants (NP), or the storage 
units (NS) or the transportation units (NTU) by each one of the risk factors (RP, RS, RT 
respectively) and by the population weight factor in each grid where the production or storage 
facility is located (WFP) or the road risk between grids (Adj). 
( )∑=
pig
gppig WFPRPNPTPRisk        (5.11) 
( )∑=
sig
gssig WFPRSNSTSRisk        (5.12) 
'
'lg
'lg ggl
gi
gi AdjRTNTUTTRisk ∑=        (5.13) 
5.2.2.5 CONSTRAINTS 
For interoperability purpose with the MULTIGEN platform, the inequality constraints have been 
coded in Matlab® and formulated following the “lower or equal than zero” structure (≤ 0).  All the 
demand (DT) must be satisfied with the local production (DL) and the hydrogen imported from 
other grids (DI) 
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giDIDLDT igigig ,∀+=        (5.14) 
Based on the conservation of the mass, the total flow of hydrogen leaving the grid g (Q, from g to 
g’) and the total production rate in the same grid (PT) must be equal to the flow of hydrogen 
entering the grid g (Q, from g’ to g) and total demand required by the same grid (DT): 
( ) giDTQQPT
gl
iggigiig ,
',
lg''lg ∀+−= ∑      (5.15) 
To guarantee the availability of product, a variable is added. During steady-state operation, the 
total inventory of a product form i in grid g (ST) is equal to a function of the corresponding 
demand (DT) multiplied by the storage period (β): 
giDTST igig ,∀= β         (5.16) 
The total amount of hydrogen produced (PT) in each grid must be equal to the hydrogen produced 
in all the plants for each grid: 
∑ ∀=
p
pigig giPRPT ,
 
(5.17) 
The availability of primary energy sources in each grid is (A) is given by the initial average 
availability of primary energy sources (A0), the importation of energy sources (IPES) and the rate 
of consumption, expressed by the product of the safety stock factor (SSF) and the rate of 
utilisation of primary source (γ) of the production (PR). 
+mn = +0mn + oap=mn + ==` ∑ rsmK ∗ aGKBntKB      (5.18) 
The maximum daily production rate of product form i produced by plant type p is constrained by 
the number of production facilities NP. Likewise, the total production rate of each product form i 
in grid g (PT) cannot exceed certain limits. Therefore, PT is bound between the minimum (Eq. 
5.19) and maximum (Eq. 5.20) production capacities of all plants that are established in this 
particular grid: 
ua^AKBJBHvaKBn
K
− aZBn ≤ 0	∀	%, 8 (5.19) 
aZBn −ua^AKBJBHvaKBn
K
≤ 0	∀	%, 8 (5.20) 
Each storage facility (NS) capacity must be between certain limits and cannot be outside them. 
This consideration will guarantee that the total inventory of each product in each grid will be 
bounded between certain limits, respectively lower (Eq. 5.21) and upper bound (Eq. 5.22):  
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u=^AxBJBHv=xBn
x
− =ZBn ≤ 0	∀	%, 8 (5.21) 
=ZBn −u=^AxBJBHv=xBn
x
≤ 0	∀	%, 8 (5.22) 
The production rate of a product form i produced by any plant of type p in grid g (PR) cannot 
exceed a given limit. Thus, there is always a maximum production capacity for any product 
(PCapmax). Moreover, there is often a minimum production rate (PCapmin) that must be kept while 
the plant is operating. So, in equation (Eq. 5.23), PR must be higher than the minimum capacity, 
but it must be lower than the maximal capacity (Eq. 5.24): 
a^AKBJBHvaKBn − aGKBn ≤ 0	∀	A, %, 8      (5.23) 
aGKBn − a^AKBJyvaKBn ≤ 0	∀	A, %, 8      (5.24) 
The number of refuelling stations within a grid g dispensing product form i depends on the total 
equivalent demand and the installed capacity of the fuelling stations, as follows: 
v`= =u [ZBn`^ABB,n  
(5.25) 
Equations 5.26 to 5.31 guarantee the unambiguous definition of hydrogen flowrate and the only 
way to ensure that hydrogen can be transported, which means that the demand must be satisfied 
by hydrogen either produced onsite or imported. The excess of hydrogen must be sent to other grids, 
or when the demand is not satisfied it must be fulfilled with hydrogen received from other grids 
(not the two actions at the same time). In the original model this was achieved using binary 
variables, thus adding combinatorial complexity while in this model some constraints are added 
with the already existing variables. 
All the overproduction in one city or grid must be sent to other grids (SP) and must fulfil a 
complete tanker trunk; PT represents the total production and DT the demand in each grid. 
raZBn − [ZBnt − =aBn = 0       (5.26) 
The demand in each grid DT must be equal to the available hydrogen AH in the grid (hydrogen 
produced onsite or imported). 
[ZBn − +Bn = 0        (5.27) 
In each grid, only one action can be done, either sending or receiving hydrogen. Then, the next 
relation should be satisfied where RP is the received product type i in the grid g  
$^(r=aBn , GaBnt − r=aBn + GaBKt = 0      (5.28) 
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The total number of production plants (NP) (Eq. 29) and of storage facilities (NS) (Eq. 30)  in each 
period is given by the facilities already installed in the previous period and the facilities installed 
in the given period. s. 
vaKBnz = vaKBnz
 +vaKBnz 	∀	A, %, 8, { = 1,2,3,4 (5.29) 
v=xBnz = v=xBnz
 + v=xBnz 	∀	>, %, 8, { = 1,2,3,4 (5.30) 
Each grid has its own demand. So, it must be satisfied with hydrogen produced in the same grid 
or with the hydrogen imported from other grids. So, the contribution of the demand satisfied with 
hydrogen produced in the same grid (DL) is given by: 
[/Bn − aZBn ≤ 0	∀	%, 8        (5.31) 
The variables used in this model are split into two groups: decision variables that will be 
generated by the optimization procedure and dependent variables that are calculated from the 
equality constraints. The classification is shown in Table 5.2. 
TABLE 5.2 OPTIMIZATION VARIABLES AND DEPENDENT VARIABLES 
Optimization variables Dependent variables 
DLig AHig GWPTot PRpig TCC 
NPpig DIig LC PTig TDC 
NSsig FC MC RPig TGWP 
PRpig FCC NTUilgg’ SGWP  
Qilgg’ FOC PDig SPig  
 GC PGWP STig  
5.2.3 MULTI-OBJECTIVE OPTIMIZATION BY GENETIC ALGORITHMS 
Several solution methods have been developed for multi-objective optimization problems. In these 
methods, the concept of optimality is replaced with that of efficiency or Pareto optimality. The 
efficient (or Pareto optimal, non-dominated, non-inferior) solutions are the solutions that cannot 
be improved in one objective function without deteriorating their performance in at least one of 
the remaining ones (Mavrotas, 2007). Recent publications in the context of green supply chain 
design show a recurrent use of GA (for instance, (Yeh and Chuang, 2011) although no reference is 
reported to our knowledge for the HSC case.  
The choice of an evolutionary algorithm (EA) as a multi-objective optimization procedure is 
mainly influenced by the following items that make them preferable over classical optimization 
strategies: 
• EAs have some advantages over traditional deterministic techniques. For example, 
considerations for convexity, concavity, and/or continuity of functions are not necessary in 
EAs; 
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• their potential of finding multiple Pareto-optimal solutions in a single simulation run. 
This feature can be considered as greatly beneficial over deterministic procedures.  
They are known to be efficient to cope with combinatorial problems. In the supply chain design 
problem encountered in this work, the integer variables represent the decisional choices relative 
to the existence or absence of a node in the network.  
The solving method used in this research is based on a multi-objective genetic algorithm solution 
approach through a variant of the Non-dominated Sorting Genetic Algorithm II (NSGA-II) (Deb et 
al., 2002). NSGA-II is a population based stochastic search algorithm that produces Pareto non-
dominated solutions. In contrast to other family of techniques such as weighted sum or 
lexicographic methods, that are a priori technique (i.e. a weight or order of the objectives as a 
matter of choice prior to the execution is needed as for ε-constraint), multi-objective GAs as an a 
posteriori method produce a set of solutions (the so-called Pareto front) to choose from (Cortez, 
2014), this is to say, without prior judgment or decision making. The variant of NSGA-II used is 
implemented through the MULTIGEN library developed by (Gomez et al., 2008) in our research 
group.  
The step-by-step procedure of the NSGA II is illustrated in Figure 5.3 to Figure 5.5. Initially, a 
random parent population P0 of size N is created. The population is sorted based on the non-
domination principle. 
Each individual is assigned a fitness (or rank) equal to its non-domination level (1 is the best 
level, 2 is the next-best level, and so on). Thus, the maximization of fitness can be performed. At 
first, the usual binary tournament selection, recombination and mutation operators are used to 
create an offspring population Qt of size N (Figure 5.3). Since elitism is introduced by comparing 
the current population with the previously best found non-dominated solutions, the procedure is 
different after the initial generation.  
First, a combined population Gz = az ∪ }z is formed (Figure 5.4). The population Rt is of size 2N. 
Then, the population is sorted according to non-domination. If the size of F1 (set of individuals of 
rank 1) is lower than N, all the members of the set F1 for the net population Pt +1 are definitely 
chosen. The remaining members of the population Pt +1 are chosen from subsequent non-
dominated fronts in the order of their ranking. Thus, solutions from the set F2 are chosen next, 
followed by solutions from the set F3, and so on. This procedure continues until no more set can be 
accommodated. Let us consider that the set F1 is the last non-dominated set beyond which no 
other set can be accommodated. In general, the number of solutions in all sets from F1 to Fl is 
higher than the population size. 
In order to choose exactly the population members, the solutions of the last front using the 
crowded-comparison operator are sorted in descending order and the best solutions needed to fill 
all population slots are selected. The new population Pt +1 of size N is now used for selection, 
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crossover and mutation to create a new population Qt +1 of size N. It must be highlighted that a 
binary tournament selection operator is used but the selection criterion is now based on the 
crowded-comparison operator. Since this operator requires both the rank and crowded distance of 
each solution in the population, these quantities are calculated while forming the population Pt 
+1, as shown in Figure 5.5.  
The MULTIGEN library and NSGA-II are described in detail in (Gomez et al., 2008). 
 
FIGURE 5.3 OPERATING PRINCIPLE OF NSGA-II (PART 1) (GOMEZ ET AL., 2008)  
 
 
FIGURE 5.4 OPERATING PRINCIPLE OF NSGA-II (PART 2) (GOMEZ ET AL., 2008)  
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FIGURE 5.5 OPERATING PRINCIPLE OF NSGA-II (PART 3) (GOMEZ ET AL., 2008) 
(Gomez et al., 2008) present some improvements to the NSGA II. Integer and binary variables are 
taken into account, the crossover operators are adapted to avoid the generations of clones; the 
constraints of strict inequality and equality are added; the initialization is purely random. 
In this work, the results obtained from ε-constraint method (De-León Almaraz et al. 2014) and 
GA are compared to analyse the advantages and disadvantages of each technique and its impact 
in the network configuration of the HSC. The set of chromosomes representing the variables is 
illustrated in Figure 5.6. 
Production rate Flow rate Production plants 
PR111 PR112 … PRpig Q1111 Q1112 … Qilgg’ NP111 NP112 … NPpig 
 
Storage facilities Local production 
NS111 NS112 … NSpig DL11 DL12 … DLig 
FIGURE 5.6 CHROMOSOME OF THE GA MODEL 
The variables PR represents the production rate of product i by plant type p in grid g; Q is the 
flow rate of product i by the transport l between the grids g and g’. NP are the number of 
production plants type p of product i in grid g; while NS is the number of storage facilities type p 
of product i in grid g. Finally, DL is the demand satisfied of product i by local production in the 
grid g. In the GA used, the chromosome of the variables is complemented with a vector containing 
the type of variable (i.e. 0 for continuous variables, 1 for integer variables and 2 for binary 
variables).  
The other procedures follow the NSGAII variant proposed by (Gomez et al., 2008) without any 
adaptation so that additional explanation is not required. 
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5.2.4 GA VS. MILP MULTI-OBJECTIVE OPTIMIZATION 
The HSC design model has also been formulated using a classical MILP approach with the ε-
constraint method as proposed by (De-León Almaraz et al., 2014)  for comparison purpose. Let us 
recall, that in the ε-constraint method, introduced by (Haimes et al., 1971) all but one objective 
are converted into constraints by setting an upper or lower bound to each of them, and only one 
objective is to be optimised (Liu and Papageorgiou, 2013). By varying the numerical values of the 
upper bounds, a Pareto front can be obtained. Yet, the ε-constraint method alters the original 
feasible region and is able to produce non-extreme efficient solutions as highlighted in (Mavrotas, 
2007). A characteristic of the ε-constraint method is that the number of the generated efficient 
solutions can be controlled by properly adjusting the number of grid points in each one of the 
objective function ranges. This can be considered as an asset compared to the weighting method 
(Mavrotas, 2007) but does not guarantee a diversity in the set of solutions. However, one of its 
key disadvantages is that the generated solution largely depends on the selected vector (Liu and 
Papageorgiou, 2013), the main difficulty of this method lies in determining Nadir points (where 
the criteria are their worst values).  
5.2.5 MULTIPLE CRITERIA DECISION MAKING (MCDM) 
The International Society on Multiple Criteria Decision Making defines MCDM as “the study of 
methods and procedures by which multiple and conflicting criteria can be incorporated into the 
decision process” (Zardari et al., 2014). A MCDM can be defined as a set of actions A and a set of 
criteria F, where the decision maker wishes: to know the actions that are considered the best 
respect to F (choice problem); to divide A according to some norms (sorting problem); to rank A 
from best to worst (ranking problem); to evaluate the actions according to their characteristic and 
consequences (description of issue) (Zardari et al., 2014). 
The final choice for the HSC is performed through a multiple criteria decision-making process 
(i.e., Technique for Order of Preference by Similarity to Ideal Solution: TOPSIS) (Ren et al., 
2007). 
Its purpose is to rank a number of alternatives based on a set of favourable or unfavourable 
criteria. Its principle consists in determining for each alternative a coefficient between 0 and 1 on 
the basis of the (Euclidean) distances between each alternative and the ideal solutions favorable 
and unfavorable. An alternative is ideally favorable if it is the farthest from the worst alternative 
and the closest to the best alternative. An alternative is ideally unfavorable if it is the closest to 
the worst alternative and the farthest to the best alternative. 
A modified TOPSIS (M-TOPSIS) evaluation is based in the original concept of TOPSIS and 
proposed by (Ren et al., 2007) where the distance between the alternatives and the ideal reference 
points in the D+ D- plane al calculated, solving the rank reversal and the evaluation failure 
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problem that presents the original TOPSIS. The relative distance from each evaluated alternative 
to the ideal reference point is calculated to determine the ranking order of all alternatives. 
The steps to apply the M-TOPSIS method are: 
1. Build the decision matrix. Establish a matrix which shows m alternatives evaluated by n 
criteria (see Figure 5.7). 
  
FIGURE 5.7 DECISION MATRIX 
All the original criteria receive tendency treatment. Usually the cost criteria are 
transformed into benefit criteria by the reciprocal ratio method as it shown in Equation 
(5.32). 
X’ij=1/Xij        (5.32) 
2. Calculate the normalized decision matrix A. Since different criteria have different 
dimensions, the values in the decision matrix X are first transformed into normalized, 
non-dimensional values in order to convert the original attribute values within the 
interval [0,1] under the following Equation:  
[ ] ∑
=
==
n
i
ijijijnxmij XXaaA
1
2
,
)'(/'
     (5.33) 
where aij stands for the normalized value; i= 1, 2, ...,m; j= 1, 2, ...,n  
3. Coefficient vector of importance of the criteria. This step allows decision makers to assign 
weights of importance to a criterion relative to others. The weighted normalized matrix V 
is calculated by multiplying each value within the individual criterion in the normalized 
matrix A by the weight of this criterion: 
~B@ = M@ × ^B@        (5.34) 
where wj stands for the weight of the individual criterion j; i= 1, 2, ...,m; j= 1, 2, ...,n 
4. Determine the positive ideal and negative ideal solution from the matrix A. The ideal 
solution (A+) is the group of weighted normalized criteria values, which indicates the ideal 
criteria values (maximum value for benefit criteria and minimum value for cost criteria), 
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and the non-ideal solution (A–) is a group of weighted normalized criteria values, which 
indicates the negative ideal criteria values (minimum value for benefit criteria and 
maximum value for cost criteria): 
{ } ( )( ){ }',min,max,..., 11 JjvJjvvvA ijiiji ∈∈== +++    (5.35) 
{ } ( )( ){ }',max,min,..., 11 JjvJjvvvA ijiiji ∈∈== −−−    (5.36) 
where J is associated with benefit criteria and J’ is associated with cost criteria 
5. Calculate Euclidean distance. Calculate the separation measures, using the n-
dimensional Euclidean distance. 
( )2
1
ijij
m
j
ji aawD −=
+
=
+ ∑        (5.37) 
( )2
1
ijij
m
j
ji aawD −=
−
=
− ∑        (5.38) 
for i= 1, 2, ...,m 
6. Calculate the relative closeness to the ideal solution. The ratio value of Ri is calculated as 
follows:  
( )[ ] ( )[ ]22 maxmin −−++ −+−= iiiii DDDDR     (5.39) 
where i= 1, 2, ...,m 
7. Rank order. Rank alternatives in increasing order according to the ratio value of Ri. The 
best alternative is the one that having the M-TOPSIS coefficient Ri nearest to 0. 
In this work, the M-TOPSIS method is used to select a final solution from the compromise 
solutions from the Pareto Front. 
5.2.6 UNCERTAINTY MODELLING 
5.2.6.1 FUZZY-CONSTRAINT PROBLEMS 
Normally, when a decision is made under certainty, it involves (Zimmermann, 1975) (i) a set of 
possible activities (decision variables), (ii) a set of constraints limiting the choice and, (iii) the 
objective function which assigns a “value” to each result due to a certain choice of activities 
according to their “desirability”. But not always a model relies under certainty. Some causes of 
the uncertainty in parameters include the lack or abundance of information, the conflicting 
evidence, the ambiguity the type of measurement and the belief (Zimmermann, 2001).  
The review proposed by (Ebrahimnejad and Verdegay, 2016) has reported that a lot of works have 
been devoted to Fuzzy Linear Programming (FLP) and to the investigation of their properties and 
solution methods. The solution approaches are typically divided into four areas: (FLP1) Linear 
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Programming (LP) problems with fuzzy inequalities and crisp objective function, (FLP2) LP 
problems with crisp inequalities and fuzzy objective function, (FLP3) LP problems with fuzzy 
inequalities and fuzzy objective function and (FLP4) LP problems with fuzzy parameters. In the 
HSC design problem that has been mathematically formulated through equations (1)-(31), 
hydrogen demand has been identified as an uncertain parameter that occurs in constraints 14-16, 
which means the HSC design problem refers to the simplest form of fuzzy linear programming, 
i.e., FLP1. 
The decision maker can accept a violation of the constraints up to a certain degree, previously 
established. This can be formalized for each constraint as (Villacorta et al., 2017): 
^B( ≤ .B , % = 1, … ,P 
This can be modelled using a membership function: 
B: ℝ → C0,1E, B(() =  1	5B(()0 			
	%5	( ≤ .B%5	.B ≤ ( ≤ .B + {B%5	( ≥ .B + {B   
where the fi are continuous, non-increasing functions. The tolerance that the decision maker is 
willing to accept up to a value of .B + {B is given by the membership function B. For every ( ∈ ℝ, 
B(()	represents the degree of fulfilment of the i-th constraint. Then, the problem can be solved: 
P^(	 = '( 
subject to 
+( ≤ . 
( ≥ 0 
An example is given to illustrate how a problem with fuzzy constraints (on the left) can be 
transformed into the problem on the right using the membership functions and assuming they 
are linear and with maximum tolerances of 5 and 6. 
P^(	 = 3(
 + ( P^(	 = 3(
 + (>.#'{	{ 1.875(
 − 1.5( ≤ 4 ⟹ >.#'{	{ 1.875(
 − 1.5( ≤ 4 + 5(1 − )4.75(
 + 2.125( ≤ 14.5 ⟹ 4.75(
 + 2.125( ≤ 14.5 + 6(1 − )(B ≥ 0, % = 1,2,3 B ≥ 0, % = 1,2,3 (5.40)
 
The approach proposed by (Verdegay, 1982) through the representation theorem, has proved that 
the problem can be solved via the following Parametric Linear Programming problem: 
P^(	 = '( 
subject to 
+( ≤ 8() 
( ≥ 0,  ∈ C0,1E 
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where 8() = (8
(), … , 8J()) ∈ ℝJ, with 8B = 5B
. 
To simplify the problem, if fi are linear: 
P^(	 = '( 
subject to 
+( ≤ . + {(1 − ) 
( ≥ 0,  ∈ C0,1E 
with { = ({
, … , {J) ∈ ℝJ. 
(Delgado et al., 1993) proved that, when fi is linear, a solution for the fuzzy constraints problem 
can be found as if it is a model with non-linear functions, without any generality loss when 
assuming linear functions for the fuzzy constraints. Some samples values can be applied to α in 
the interval [0,1], and then the model can be solved for every sample value. For example, a step 
size of 0.25 for sampling α, can be transformed in five α-cuts for α = {0; 0.25; 0.5; 0.75; 1}.  
5.2.6.2 APPLICATION TO DEMAND UNCERTAINTY MODELLING IN HSCN DESIGN 
Hydrogen demand is the only parameter that will be considered as uncertain. In this paper, only 
the modifications implemented in the HSC model are presented (see Figure 5.8). 
 
FIGURE 5.8 UNCERTAIN DEMAND MODELLING 
The uncertainty has been considered using the following information: 
• The lower and upper levels of demand have been taken from the analysis carried out in  
(De León Almaraz, 2014); 
• From these values, an average demand is calculated; 
• The difference between the average and the low/high demand is calculated, representing 
an accepted tolerance. 
• The variable α is then introduced. This variable can take values from 1 to 0, and 
represents the rate of use of the tolerance. A value of α equal to 0.5 corresponds to the 
average demand.  
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The constraints that will be modified in the initial crisp version of the model are constraints 5.14-
5.16. 
Considering the demand as the right side of the constraints, as in Verdegays’ approach 
(Verdegay, 1982), the fuzzy right side can be expressed mathematically as: 
[Zn = [ZBn + a[Bn(1 − )       (5.41) 
 Equation (5.41) must be inserted into the constraints (5.42)- (5.44) that replace the 
corresponding ones in the initial model.  
[/Bn + [oBn = [ZBn + a[Bn(1 − )	∀%, 8      (542) 
aZBn − ∑ r}Bnn − }Bnnnt = [ZBn + a[Bn(1 − )		∀%, 8,n     (5.43) 
 = [ZBn + a[Bn(1 − )		∀%, 8       (5.44) 
PDig is the tolerance of DTig, and α is the rate of use of the tolerance. Six values of α-cuts were 
considered: α = {0.16; 	0.33; 	0.5,0.66; 	0.83; 	1}. For each value of α-cuts, an evaluation of the model 
was performed. 
5.2.7 FRAMEWORK IMPLEMENTATION 
From the coding point of view, three steps are involved: the coding in MATLAB, the use of the 
functions in Excel and the using of the GA coded in VBA. In general, the methodology used is: 
• Coding in MATLAB: first, the objectives, the constraints and the variables have been 
coded in MATLAB, following the environment rules, so that the objective function can be 
computed. The “variables” function includes the variable declaration of all the 
chromosome and the auxiliary variables that are used in the model. 
• Use of Excel functions: then, the objective functions and constraints functions are 
compiled to create an Excel function (Excel Add-in) to be used in the Excel environment. 
• Implementation in MULTIGEN platform: finally, the functions are inserted in Excel, and 
the model is optimized using MULTIGEN (Gomez et al., 2008) coded in VBA with an 
Excel interface.  
5.3 CASE STUDY 
5.3.1 PARAMETERS OF THE HSC 
5.3.1.1 ESTIMATION OF HYDROGEN DEMAND 
The case study refers to the design of a HSC in the former Midi-Pyrénées region, in France as 
previously presented in (De-León Almaraz et al., 2014). A division into 8 grids has been adopted. 
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FIGURE 5.9 GEOGRAPHIC BREAKDOWN IN DISTRICTS FOR THE MIDI-PYRÉNÉES REGION. 
The demand is considered as deterministic for the first case and calculated from the work of  
(McKinsey&Company, 2010) with the same methodology as proposed in (De-León Almaraz et al., 
2014). The demand evolution profile corresponds to the values of Dmin (Table 5.4) (low demand 
scenario studied in (De-León Almaraz et al., 2014)). 
The demand (for both Dmin and Dmax) includes Fuel Cell Electric Vehicles and captive fleets (i.e. 
buses, private and light-good-vehicles, forklifts) as defined in (De León Almaraz, 2014). The 
market demand scenarios have been established from (Bento, 2010; McKinsey & Company, 2010), 
where the two scenarios identifying the two levels of demands for FCEV penetration were 
developed (Table 5.3), providing the percentage of FCEV  that is expected to replace ICE (internal 
combustion engine). 
TABLE 5.3 DEMAND SCENARIOS OF FCEV PENETRATION 
Scenario/year 2020 2030 2040 2050 
Dmin 1% 7.5% 17.5% 25% 
Dmax 2% 15% 35% 50% 
 
The hydrogen demand for the two scenarios have been obtained from equation 5.45 (Almansoori 
and Shah, 2006; Murthy Konda et al., 2011): 
[ZBn = (`p)())(}'n)        (5.45) 
Where the total demand in each grid (DT) is given by the fuel economy of the vehicle (FE), the 
average distance travelled (d) and the number of FCEV in each grid (Qc).   
For the uncertain demand, Table 5.4 also presents the demand that is the high demand scenario 
case proposed by (De-León Almaraz et al., 2014), i.e., (Dmax). The tolerances are represented by 
the differences between Dmax and Dmin over the periods.  
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TABLE 5.4 DEMAND (DMIN, DMAX) AND TOLERANCE (PD) EVOLUTION PROFILE USED IN THE CASE STUDY  (KG 
PER DAY) 
Period/Grid 
1 2 3 4 
Dmin Dmax PD Dmin Dmax PD Dmin Dmax PD Dmin Dmax PD 
2020 502 995 493 843 1650 807 977 1953 976 709 1404 695 
2030 3780 7440 3660 6320 12430 6110 7410 14630 7220 5320 10450 5130 
2040 8850 17350 8500 14750 29030 14280 17330 34100 16770 12400 24380 11980 
2050 12610 24790 12180 21100 41470 20370 24770 48730 23960 17710 34810 17100 
Period/Grid 
5 6 7 8 
Dmin Dmax PD Dmin Dmax PD Dmin Dmax PD Dmin Dmax PD 
2020 570 1136 566 639 1263 624 3221 6362 3141 437 810 373 
2030 4420 8590 4170 4850 9510 4660 24180 47670 23490 3150 6250 3100 
2040 10260 20030 9770 11310 22160 10850 56470 111230 54760 7420 14570 7150 
2050 14610 28610 14000 16170 31660 15490 80620 158950 78330 10580 20790 10210 
5.3.1.2 TECHNO-ECONOMIC ASSUMPTIONS 
The study is based on the following assumptions: 
• a capital change factor (depreciation period) of 12 years is introduced; 
• in a multi-period approach, four periods were analysed: from 2020 to 2050 with a 10-year 
time step for each one; 
• three types of technologies to produce hydrogen: steam methane reforming (SMR), 
electrolysis and distributed electrolysis (see Chapter 2); 
• five energy sources were considered: solar, wind, hydro, nuclear and natural gas (see 
Chapter 2); 
• hydrogen can be liquefied before being stored or distributed; 
• a minimum capacity of production and storage equal to 50 kg of H2 per day is taken into 
account; 
• renewable energy is directly used on-site because of grid saturation. This allows to 
allocate the CO2 impact to each source;  
• one size for storage and production units is considered; 
• inter-district transport is allowed; 
• the maximum capacity of transportation is fixed at 3500 kg  liquid-H2 (Dagdougui et al., 
2012); 
• the hydrogen was stored in a liquid form and a 10-days LH2 safety stock is considered (see 
Chapter 2);  
• the risk index is calculated by the methodology proposed by (Kim and Moon, 2008) (Kim 
et al., 2011); 
• the number of plants is initialized at a null value; 
• the cost of switching from a current refuelling station to H2 fuel is not considered; 
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• the learning rate cost reductions due the accumulated experience is considered as 10% per 
period (McKinsey & Company, 2010). 
5.3.2 PARAMETERS OF THE OPTIMIZATION PARAMETERS 
5.3.2.1 GA PARAMETERS 
For the mono-period and mono-objective case, a total of 500 individuals in the population and 
1000 generations are considered, with 0.9 for crossover rate and 0.5 for mutation rate respectively 
was used. These values have been fixed from a preliminary sensitivity analysis. As already 
highlighted, the definition of variables is different in both models. In the GA formulation, there 
are 352 decision variables versus 676 in the MILP formulation. 
In the case of multi-period and multi-objective formulation, 2000 individuals in the population 
and 3000 the number of generations, with 1408 variables versus 3319 in the MILP model. 
5.3.2.2 MILP PARAMETERS 
The multi-objective MILP model was optimized using the  -constraint method coded in GAMS 
(10 values for a given objective). Then, the objective function TDC has to be minimised while 
Total GWP and the risk are considered as inequality constraints. 
5.3.2.3 TOPSIS PARAMETERS 
An M-TOPSIS (Modified Technique for Order Preference by Similarity to Ideal Situation (Ren et 
al., 2007) analysis is carried out from the Pareto front since it is particularly efficient to avoid 
rank reversals (unacceptable changes in the ranks of the alternatives (Maleki and Zahir, 2012)) 
and to solve the problem on evaluation failure that may occur in the original TOPSIS version. A 
same weighting factor for cost, safety and environmental criteria has been considered. 
5.4 RESULTS 
In Sections 5.4.1 to 5.4.3, the same cost data as those used in (De-León Almaraz et al., 2014) have 
been adopted for validation purpose. In all the maps that will be provided, the number of plants is 
indicated inside the symbols used for a technology representation. The maps are obtained after 
the successive use of the optimization algorithm and the MCDM strategy for the multi-objective 
case. 
For the mono-period optimization runs (sections 5.4.1 and 5.4.2), the demand scenario relative to 
period 4 is analysed. 
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5.4.1 MONO-OBJECTIVE AND MONO-PERIOD OPTIMIZATION  
A preliminary study was carried out with the GA approach: 10 runs were performed for each case, 
calculating the mean value obtained and the standard deviation (Table 5.5) to guarantee the 
stochastic nature of the algorithm. The same methodology is used for all the cases where the GA 
methodology is used.  
TABLE 5.5  STATISTICAL RESULTS OF THE RUNS PERFORMED IN THE MONO-PERIOD AND MONO-OBJECTIVE GA 
APPROACH 
TDC GWP Risk 
TDC               
(M$ per 
day) 
GWP                            
(ton CO2 
eq per day) 
Risk 
TDC               
(M$ per 
day) 
GWP                            
(ton CO2 
eq per 
day) 
Risk 
TDC               
(M$ per 
day) 
GWP                            
(ton CO2 
eq per day) 
Risk 
Mean 1.21 1552.08 496 1.32 763.42 485 1.22 1642.82 479 
Standard deviation 0.0327 257.38 21.17 0.0218 167.42 22.17 0.0251 211.80 11.98 
 
The results of the three mono-objective optimizations (min TDC, GWP and Risk separately), 
solved by CPLEX for the MILP problem and by the GA are presented in Table 5.6.  
The optimized values presented in bolt font are displayed in Table 5.6, concluding that for this 
first scenario, the mono-objective results of CPLEX are not surprisingly better than those 
obtained with GA, but close to them (respectively 3% and 1% higher for TDC and GWP 
optimization respectively), except for Risk minimization (a 20% higher value is observed which 
can be mainly explained by a different use of transport between the grids). 
 Table 5.6 also presents the unit cost of H2 as well as the amount of emitted CO2 per kg of H2 that 
are deduced from the value of the optimization criteria.  
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TABLE 5.6 MONO-OBJECTIVE AND MONO-PERIOD DETAILED OPTIMIZATION RESULTS 
  MILP GA 
Objective TDC GWP Risk TDC GWP Risk 
Demand (t per day) 198.2 
Number of total production facilities 24 402 25 27 27 25 
Number of total storage facilities 214 214 214 214 214 214 
Number of transport units 6 0 0 14 13 12 
Capital cost 
  
  
   
Plants and storage facilities (106 $) 169.11 297.35 179.5 207.31 260.3 211.5 
Transportation modes (106 $)     1.4 0 0 6.5 5.0 6.0 
Operating cost 
  
  
   
Plants and storage facilities (103 $ per 
day) 
793.57 1289.78 792.68 729.27 729.27 733.73 
Transportation modes (103 $ per day)         2.29 0 0 4.91 4.27 3.97 
Total daily cost (106 $ per day) 1.18 1.97 1.2 1.21 1.32 1.22 
Cost per kg H2 ($) 5.95 9.94 6.05 6.10 6.66 6.16 
Production facilities (t CO2-eq per day)  1999.30 614.33 2001.50 1401.47 614.33 1493.45 
Storage facilities (t CO2-eq per day)  139.51 139.51 139.51 139.51 139.51 140.45 
Transportation modes (t CO2-eq per day)  4.91 0 0 11.09 9.58 8.9175 
Total GWP (t CO2-eq per day)  2143.72 753.84 2141.01 1552.08 763.42 1642.82 
Kg CO2-eq per kg H2  10.82 3.80 10.80 7.83 3.85 8.29 
Production facility risk 11.82 110.10 12.96 15.99 15.90 14.73 
Storage facility risk 387 387 387 390.6 390.6 390.6 
Transportation modes risk 35.1 0 0 89.1 78.0 73.5 
Total Risk 433.92 497.10 399.96 495.64 484.50 478.78 
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FIGURE 5.10 MAPS OF THE THREE MONO-OBJECTIVES CASES OPTIMIZED WITH GA AND MILP 
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Figure 5.10 shows the obtained network for the three optimization cases. For TDC minimization 
the networks obtained are very close to each other with both optimization strategies, producing 
most hydrogen via SMR, with some electrolysis plants. The main difference between both 
approaches mostly involves the way hydrogen is distributed through the grids. 
When GWP is minimized, priority is given to the production of hydrogen via electrolysis for both 
approaches. With MILP model, there is no transport between grids and hydrogen production is 
achieved through several distributed plants. With GA, less facilities are installed but hydrogen 
transportation occurs through grids. 
For risk minimization, hydrogen production is based exclusively on SMR plants for the MILP 
approach and on a mix of SMR and electrolysis for the GA approach with transportation through 
grids. This situation is mainly due to the low difference of the risk value between the various 
technologies for the plant size that has been considered. 
It must be emphasized that the solar source is eliminated in the optimization process since 
hydrogen produced via electrolysis with solar energy is the most expensive process and exhibits a 
higher carbon footprint compared to wind and hydro.  
 
 
 
a) b) 
FIGURE 5.11 MAPS OF THE TWO SCENARIOS WITH MULTI-OBJECTIVE OPTIMIZATION A) WITH GA; B) WITH 
MILP 
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5.4.2 MULTI-OBJECTIVE AND MONO-PERIOD OPTIMIZATION  
In this case, the obtained results are only slightly improved with linear programming compared 
to GA for cost and risk criteria (Table 5.7). The degree of centralization is almost the same. In 
Figure 5.11 (b) relative to GA, the configuration involves a set of several plants with the 
distributed electrolysis technology, with no transportation; with MILP (a), priority is given to 
electrolysis plants from various sources including the nuclear one (see Table 5.8). 
The Pareto solutions proposed by the GA include the Pareto space that was identified using the 
MILP methodology (Figure 5.12). A small variation (2%) is observed in the unit cost ($8.32 of 
MILP vs $8.48 per kg H2 of GA) between the two TOPSIS solutions. From the environmental 
viewpoint, a significant improvement is observed with the GA (Table 5.7): GWP expressed in kg 
CO2 eq per kg H2 in the GA approach is 27% lower than the value obtained with the MILP 
approach. This difference can be explained by the use of distributed plants instead of electrolysis 
plants. The difference in the risk criterion between both approaches is not significant.  
The computation time for MILP with CPLEX (Intel ® Xeon® CPU 2.10GHz) is around 3 hours 
versus 4 hours with GA, with a set of 174 Pareto points obtained with the GA approach and 43 
with the MILP approach.    
TABLE 5.7  BEST TRADE-OFF SOLUTIONS SELECTED BY TOPSIS FOR Ε-CONSTRAINT AND AG. 
  MILP GA 
Demand (t per day) 198.17 198.17 
Number of total production facilities 25 39 
Number of total storage facilities 214 214 
Number of transport units 0 0 
Capital cost 
  
Plants and storage facilities (106 $) 2595.00 2480.45 
Transportation modes (106 $)         0 0 
Operating cost 
  
Plants and storage facilities (103 $ per day) 1056.20 1143.28 
Transportation modes (103 $ per day)          0 0 
Total daily cost (106 $ per day) 1.65 1.68 
Cost per kg H2 ($) 8.32 8.48 
Production facilities (t CO2-eq per day)  614.33 409.82 
Storage facilities (t CO2-eq per day)  139.51 139.51 
Transportation modes (t CO2-eq per day)  0 0 
Total GWP (t CO2-eq per day)  753.84 549.33 
Kg CO2-eq per kg H2  3.80 2.77 
Production facility risk 14.40 16.05 
Storage facility risk 387.00 387 
Transportation modes risk 0 0 
Total Risk 401.40 403.05 
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TABLE 5.8 USE RATIO OF ENERGY SOURCES FOR HYDROGEN PRODUCTION (MULTI-OBJECTIVE AND MONO-
PERIOD CASE) 
Energy source MILP GA 
Wind 60% 69% 
Hydraulic 32% 31% 
Nuclear 8% 0% 
 
 
FIGURE 5.12 PARETO FRONTS FOR THE OPTIMIZATION CARRIED OUT BY MILP AND GA  
5.4.3 MULTI-OBJECTIVE AND MULTI-PERIOD OPTIMIZATION  
As it can be seen in Figure 5.13, the Pareto front given by the GA also gives better solutions as 
already highlighted for the mono-period case. The TOPSIS solutions (see Table 5.9) give lower 
values both for cost and GWP. The unit cost of hydrogen is lower with GA (8.00) than with MILP 
(8.27), despite a little higher risk (838 vs 873). Once more, this can be explained by the way the 
plants are distributed through the periods.  
• On the one hand, in the MILP approach (Figure 5.14), priority is given in the first period 
to the establishment of distributed plants, mainly due to the low value of the demand. In 
the three other periods, the demand is satisfied mainly with the electrolysis plants, so 
that GWP and risk remain not so high.  
• On the other hand, for the GA approach (Figure 5.14) the first period is dedicated to the 
installation of distributed electrolysis plants and one SMR, significantly increasing CO2 
emissions. For the second period, some electrolysis plants are added. The CO2 emissions 
remain higher than with MILP and because of transport between grids, the risk also 
increases. For the third and fourth periods, transport between grids remains, but the 
SMR plants disappear from distribution, decreasing the CO2 emissions.  
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FIGURE 5.13 PARETO FRONTS FOR THE OPTIMIZATION CARRIED OUT BY MILP AND GA FOR A MULTI-
OBJECTIVE AND MULTI-PERIOD APPROACH  
Finally, for this example and without giving a feature of generality to the obtained results, 
compared to MILP, GA promotes the deployment of hydrogen by favouring cost objective in the 
first period. In the last two periods, better values for GWP are obtained with the GA approach 
than with MILP, because of the installation of a lower number of production facilities. This leads 
yet to the implementation of transport between grids to satisfy the demand. Finally, from the 
safety point of view (risk), the MILP model presents better results, mostly due to the absence of 
transport between the grids. Table 5.10 shows the percentage of energy source used by each 
methodology. As for the mono-objective case, the solar source is eliminated in the optimization 
process. 
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FIGURE 5.14 MAPS OF THE FOUR SCENARIOS FOR THE OPTIMIZATION CARRIED OUT BY MILP AND GA FOR A 
MULTI-OBJECTIVE AND MULTI-PERIOD APPROACH  
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FIGURE 5.14 MAPS OF THE FOUR SCENARIOS FOR THE OPTIMIZATION CARRIED OUT BY MILP AND GA FOR A 
MULTI-OBJECTIVE AND MULTI-PERIOD APPROACH (CONTINUATION) 
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TABLE 5.9  MULTI-OBJECTIVE AND MULTI-PERIOD DETAILED OPTIMIZATION RESULTS 
  MILP GA 
Year 2020 2030 2040 2050 2020 2030 2040 2050 
Demand (t per day) 7.90 59.43 138.79 198.17 7.90 59.43 138.79 198.17 
Number of total production 
facilities 
17 34 47 69 17 28 30 41 
Number of total storage 
facilities 
12 66 150 214 12 66 150 214 
Number of transport units 0 0 0 0 0 4 2 3 
Capital cost 
   
  
    
Plants and storage facilities 
(106 $) 
681.01 765.69 707.92 185.42 737.93 520.31 443.72 153.42 
Transportation modes  (106 $)        0 0 0 0 0 0.80 0.28 0.41 
Operating cost 
   
  
    
Plants and storage facilities 
(103 $ per day) 
49.35 321.64 748.23 1066.00 48.14 332.99 786.41 1133.53 
Transportation modes (103 $ 
per day)          
0 0 0 0 0 1.31 0.46 0.46 
Total daily cost (103 $ per day) 91.68 525.60 1127.00 1600.25 83.17 476.53 1116.65 1557.90 
Cost per kg H2 ($) 11.61 8.84 8.12 8.08 10.53 8.02 8.05 7.86 
Production facilities (t CO2-eq 
per day)  
24.58 185.23 430.25 613.33 42.20 220.70 287.02 409.82 
Storage facilities (t CO2-eq per 
day)  
5.56 41.84 96.71 139.51 5.56 41.84 97.71 139.51 
Transportation modes (t CO2-
eq per day)  
0 0 0 0 0 2.60 2.19 1.44 
Total GWP (t CO2-eq per day)  30.14 226.07 526.96 752.84 47.76 265.13 386.91 550.77 
Kg CO2-eq per kg H2  3.81 3.80 3.79 3.79 6.05 4.46 2.79 2.78 
Production facility risk 4.05 6.30 12.45 16.05 3.96 4.68 9.60 13.50 
Storage facility risk 20.7 118.8 272.7 387 20.7 118.8 272.7 387 
Transportation modes risk 0 0 0 0 0 20.8 6.5 14.3 
Total Risk 24.75 125.10 285.15 403.05 24.66 144.28 288.80 414.80 
Global TDC (M$ per day) 3.34 3.23 
Global unit cost ($ per kg 
H2) 
8.27 8.00 
Global GWP (T CO2 eq per 
day) 
1536 1251 
Global Kg CO2-eq per kg H2 3.80 3.09 
Global Risk 838 879 
 
TABLE 5.10 USE RATIO OF ENERGY SOURCES FOR HYDROGEN PRODUCTION (MULTI-OBJECTIVE AND MULTI-
PERIOD CASE) 
Energy source 
MILP GA 
2020 2030 2040 2050 2020 2030 2040 2050 
Natural gas 0% 0% 0% 0% 6% 11% 0% 0% 
Hydro 53% 71% 70% 64% 53% 67% 70% 64% 
Wind 41% 24% 30% 36% 41% 22% 30% 36% 
Nuclear 6% 6% 0% 0% 0% 0% 0% 0% 
5.4.4 MULTI-OBJECTIVE AND MULTI-PERIOD OPTIMIZATION WITH NEW COSTS 
In addition to hydrogen demand, one of the most significant parameters is feedstock cost (Ochoa 
Robles et al., 2017, 2017). In the original model (De-León Almaraz et al., 2014),  the unit 
production cost (UPC) of electricity remains fixed for all the time periods whatever the 
technology, which was a severe simplification. In what follows, an evaluation of UPC is 
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considered taking into account the fixed facility costs (maintenance, labour cost) as well as 
electricity and feedstock costs. 
Table 5.11 presents the price of electricity produced from different energy sources and the price of 
natural gas for conditions in France (2013). 
TABLE 5.11  PRICES OF NATURAL GAS AND COSTS OF ELECTRICITY FROM DIFFERENT SOURCES (2013) 
Energy source (Price/unit) 2020 2030 2040 2050 Reference 
European price of natural gas 
($2010/kg) 
0.587 1.300 1.750* 2.200 
For 2030 and 2050: International Energy Agency AIE: World 
Energy Outlook. (2011) 
Cost of electricity (nuclear) in 
France ($2013/kWh) 
0.0439 0.0665 0.089* 0.112* 
For 2020: EDF: Electricité en France: les différentes sources 
d’énergie (2013) For 2030: Percebois. J. Mandil. C., Rapport 
énergies 2050 (2013) 
Cost of electricity (PV) France 
($2013/kWh) 
0.328 0.101 0.060* 0.053 
For 2020: EDF: Electricité en France: Les différentes sources 
d’énergie (2013)                                                                                                             
For 2030 and  2050: ADEME: Vers un mix électrique 100% 
renouvelable en 2050 (2015) 
Cost of electricity (Wind) France 
($2013/kWh) 
0.073 0.068* 0.063* 0.058 
For 2020: EDF: Electricité en France: Les différents sources 
d’énergie (2013)For 2050: ADEME: Vers un mix électrique 100% 
renouvelable en 2050 (2015) 
 
Cost of electricity (Hydro) 
France ($2013/kWh) 
0.018 0.044* 0.071* 0.098 
*Calculated by interpolation 
In the original model, UPC is a fixed parameter (Table 5.12) which is only dependent on the size 
of the production unit ($ per kg H2). Yet, as mentioned in the (McKinsey&Company, 2010) report, 
a better vision of UPC is to consider the fixed, electricity and feedstock costs. The fixed cost is 
related to labour and maintenance. 
TABLE 5.12  ORIGINAL UPC VALUES (DE LEÓN ALMARAZ, 2014) 
Production 
technology 
UPC 
 ($ per kg) 
SMR 3.36 
Electrolysis 4.69 
DisElectrolysis 6.24 
 
All the contributions are reflected in Equation (5.45), where the UPC calculation ($ per kg H2) is 
given by the addition of the fixed cost of a production plant type p size j in the time period t 
(FCPept, $ per kg H2), the electricity cost for general usage in a production plant type p projected 
for the time period t (ECept, $ per kg H2) and the feedstock e cost for production plant p type 
(FSCept). The FSCept is obtained by multiplying the feedstock e efficiency in the process p in time t 
(kWhelec/kg H2) by the feedstock e price ($/kWhelec), for electrolysis process, the feedstock 
considered is electricity and the energy source cost will vary depending on the type, e.g. fossil vs. 
renewable (Table 5.11).  
UPCf,g,i = FCPf,g,i + ECf,g,i + FSCf,g,i      (5.45) 
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The feedstock cost is likely to gain importance because it depends on the energy transition 
scenario and will induce a cost change of renewable energy impacting the hydrogen cost in the 
long-time horizon from 2020 to 2050.  
The new UPC calculated for the model is presented in Table 5.13, where hydrogen produced via 
electrolysis with solar energy is the most expensive, while hydrogen produced with electrolysis 
from a hydraulic source is the less expensive one.  
TABLE 5.13 UPC CALCULATED WITH THE NEW COSTS  
Production 
technology 
Fixed 
cost of 
productio
n ($ per 
kg H2) 
Feedstock 
cost for 
productio
n plant ($ 
per kg H2) 
Electrical 
need to 
produce a 
kg of H2 
kWhelec/kg 
H2 
Cost of energy source 
 ($ per kg H2)* 
UPC ($ per kg H2) 
2020 2030 2040 2050 2020 2030 2040 2050 
SMR 0.16 0.02♦ 4.02■ 3.71 2.61 3.46 4.62 3.89 2.79 3.64 4.80 
Electrolysis 
PV 0.39 0.06 55 18.04 5.56 3.30 2.93 18.49 6.01 3.75 3.38 
Wind 0.39 0.06 55 4.00 3.72 3.45 3.17 4.45 4.17 3.90 3.62 
Hydro 0.39 0.06 55 0.98 2.44 3.90 5.36 1.43 2.89 4.35 5.81 
Nuclea
r 
0.39 0.06 
55 
2.41 3.66 4.90 6.14 2.86 4.11 5.35 6.59 
Dis 
Electrolysis 
PV 0.75 0.11 55 18.04 5.56 3.30 2.93 18.90 6.42 4.16 3.79 
Wind 0.75 0.11 55 4.00 3.72 3.45 3.17 4.86 4.58 4.31 4.03 
Hydro 0.75 0.11 55 0.98 2.44 3.90 5.36 1.84 3.30 4.76 6.22 
Nuclea
r 
0.75 0.11 
55 
2.41 3.66 4.90 6.14 3.27 4.52 5.76 7.00 
*[Energy source cost ($/KWh)x Electrical need to produce a kg of H2 (kWhelec/kg H2)] 
■ kg/kg H2 
♦Electricity usage of production plant ($ per kg H2) 
The optimization runs have been performed with these new costs and the results have been 
compared with the previous ones (see Figure 5.15). A strong decrease in GWP is observed for the 
range of these new costs globally leading to better solutions for all criteria. 
 
FIGURE 5.15 PARETO FRONTS BETWEEN THE ORIGINAL GA APPROACH AND THE GA WITH THE NEW COST  
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In the first period (see Figure 5.16), the distributed plants are the main source of production, 
while in the other periods the electrolysis plants started to be installed in the different grids. 
Also, there is no transport between grids and the CO2 emissions for the plants installed remains 
very low (Table 5.14). Most of the energy source used stems from wind, with almost the 70% of 
the electricity produced (Table 5.15) 
TABLE 5.14 MULTI-OBJECTIVE AND MULTI-PERIOD FOR ACTUALISED COSTS DETAILED OPTIMIZATION RESULTS 
  GA new costs 
Year 2020 2030 2040 2050 
Demand (t per day) 7.90 59.43 138.79 198.17 
Number of total production facilities 25 62 92 110 
Number of total storage facilities 12 66 150 214 
Number of transport units 0 0 0 0 
Capital cost 
    
Plants and storage facilities (106 $) 304.47 401.53 263.71 43.44 
Transportation modes  (106 $)         0 0 0 0 
Operating cost 
    
Plants and storage facilities (103 $ per day) 43.44 307.15 708.68 1013.16 
Transportation modes (103 $ per day)          0 0 0 0 
Total daily cost (103 $ per day) 80.12 489.34 1036.96 1446.56 
Cost per kg H2 ($) 10.14 8.23 7.47 7.30 
Production facilities (t CO2-eq per day)  8.27 61.35 142.51 201.91 
Storage facilities (t CO2-eq per day)  5.56 41.84 97.71 139.51 
Transportation modes (t CO2-eq per day)  0 0 0 0 
Total GWP (t CO2-eq per day)  13.73 103.18 240.22 341.42 
Kg CO2-eq per kg H2  1.74 1.74 1.73 1.72 
Production facility risk 7.20 9.00 12.45 20.55 
Storage facility risk 20.7 118.8 272.7 387.0 
Transportation modes risk 0 0 0 0 
Total Risk 27.90 127.80 285.15 407.55 
Global TDC (M$ per day) 3.05 
Global unit cost ($ per kg H2) 7.55 
Global GWP (T CO2 eq per day) 698 
Global Kg CO2-eq per kg H2 1.73 
Global Risk 848 
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FIGURE 5.16 MAPS OF THE GA APPROACH WITH THE NEW COST 
TABLE 5.15 USE RATIO OF ENERGY SOURCES FOR HYDROGEN PRODUCTION (NEW COSTS CASE) 
Energy 
sources 
2020 2030 2040 2050 
Hydro 22% 30% 22% 33% 
Wind 78% 70% 78% 67% 
5.4.5 MULTI-OBJECTIVE GA APPROACH UNDER UNCERTAIN DEMAND 
For this case, the demand may vary between the low and high demand (Dmin and Dmax 
respectively in Table 5.4. The tolerance is the difference between the two levels of demand and α 
is the percentage of tolerance that will be added to the base demand (Dmin). Several values of α 
have been used (see Table 5.16). The demand used for each α-cut depends on the tolerance, which 
varies among all the values of α (Table 5.16). 
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TABLE 5.16 VALUES OF THE DEMAND ACCORDING TO THE α-CUT 
α 
0.00 0.16 0.33 
2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050 
Tolerance (t per day) 0.00 0.00 0.00 0.00 1.23 9.21 21.45 30.66 2.53 18.99 44.24 63.24 
Demand (t per day) 7.90 59.43 138.79 198.17 9.13 68.64 160.24 228.83 10.43 78.42 183.03 261.41 
α 
0.50 0.66 0.83 
2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050 
Tolerance (t per day) 3.84 28.77 67.03 95.82 5.07 37.98 88.48 126.48 6.37 47.76 111.27 159.06 
Demand (t per day) 11.74 88.20 205.82 293.99 12.96 97.41 227.27 324.65 14.27 107.19 250.06 357.23 
α     
1.00  
2020 2030 2040 2050     
Tolerance (t per day) 7.68 57.54 134.06 191.64     
Demand (t per day) 15.57 116.97 272.85 389.81     
 
For each α-value, a tri-criteria optimization procedure with the GA procedure has been 
implemented, leading to the set of solutions constituting the Pareto front, from which the M-
TOPSIS procedure is then applied. The criteria (average values over the periods) relative to the 
compromise solution of the HSCN finally obtained are presented in (Table 5.17) and the instances 
obtained for α equal to 0; 0.16; 0.33; 0.50 are shown in Table 5.18, where the relative deviation 
relative to the case α equal to 0 case is presented. 
TABLE 5.17 RESULTS OF HSCN SOLUTIONS THE DIFFERENT α-CUTS (AVERAGE VALUES OVER THE PERIOD) 
  α value 
  0.16 0.33 0.5 0.66 0.83 1 
TDC (M$ per day) 3.21 3.23 3.42 3.55 3.64 3.74 
Relative deviation (reference 
α=0) 5% 6% 12% 16% 19% 23% 
Unit cost ($ per kg H2) 6.88 6.06 5.71 5.36 5 4.7 
Relative deviation (reference 
α=0) 9% 20% 24% 29% 34% 38% 
GWP (T CO2 eq per day) 851.2 910.41 1355.8 1870.7 2050.8 2227.5 
Relative deviation (reference 
α=0) 22% 30% 94% 168% 194% 219% 
GWP (kg CO2 eq per kg H2) 1.82 1.9 2.65 2.82 2.81 2.8 
Relative deviation (reference 
α=0) 5% 10% 53% 63% 62% 62% 
Risk 1324 1742.29 1989.7 2210.5 2268.7 2332.3 
Relative deviation (reference 
α=0) 56% 105% 135% 161% 168% 175% 
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Year 2020 2030 2040 2050 
Tolerance 0 1.23 2.53 3.84 0 9.21 18.99 28.77 0 21.45 44.24 67.03 0 30.66 63.24 95.82 
Demand (t per day) 7.9 9.13 10.43 11.74 59.43 68.64 78.42 88.20 138.79 160.24 160.24 183.03 198.17 228.83 228.83 228.83 
Number of total production facilities 25 26 29 21 62 62 63 37 92 92 93 67 110 115 112 111 
Relative deviation (reference α=0)   4% 16% 16%   0% 2% 40%   0% 1% 27%   5% 2% 1% 
Number of total storage facilities 12 13 15 16 66 69 71 76 150 159 163 165 214 225 231 244 
Relative deviation (reference α=0)   8% 25% 33%   5% 8% 15%   6% 9% 10%   5% 8% 14% 
Number of transport units 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Capital cost 
                Plants and storage facilities (106 $) 304.47 318.54 322.25 379.96 401.53 374.15 507.95 570.81 263.71 358.93 432.04 449.53 43.44 100.84 156.77 181.53 
Relative deviation (reference α=0)   5% 6% 25%   7% 27% 42%   36% 64% 70%   132% 261% 318% 
Transportation modes  (106 $)         0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Operating cost 
                Plants and storage facilities (103 $ per day) 43.44 46.52 57.82 60.42 307.15 330.33 408.68 508.98 708.68 762.81 950.54 1186.97 1013.16 1090.44 1352.59 1495.63 
Relative deviation (reference α=0)   7% 33% 39%   8% 33% 66%   8% 34% 67%   8% 34% 48% 
Transportation modes (103 $ per day)          0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total daily cost (103 $ per day) 80.12 83.20 93.61 111.86 489.34 512.52 543.11 633.28 1036.96 1091.08 1080.94 1252.52 1446.56 1523.84 1516.56 1537.16 
Relative deviation (reference α=0)   4% 17% 40%   5% 11% 29%   5% 4% 21%   5% 5% 6% 
Cost per kg H2 ($) 10.14 9.12 8.97 9.53 8.23 7.47 6.93 7.18 7.47 6.81 6.75 6.84 7.3 6.66 6.63 6.72 
Relative deviation (reference α=0) 
 
10% 11% 6%  9% 16% 13%  9% 10% 8%  9% 9% 8% 
Production facilities (t CO2-eq per day)  8.27 10.80 13.15 23.28 61.35 79.10 96.22 173.96 142.51 186.80 194.16 345.31 201.91 255.91 261.45 408.20 
Relative deviation (reference α=0)   31% 59% 181%   29% 57% 184%   31% 36% 142%   27% 29% 102% 
Storage facilities (t CO2-eq per day)  5.56 6.08 6.91 7.92 41.84 46.80 53.97 59.56 97.71 106.30 111.30 139.00 139.51 159.45 173.24 198.54 
Relative deviation (reference α=0)   9% 24% 43%   12% 29% 42%   9% 14% 42%   14% 24% 42% 
Transportation modes (t CO2-eq per day)  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total GWP (t CO2-eq per day)  13.83 17.28 20.89 33.44 103.18 126.31 151.05 235.78 240.22 293.50 305.97 486.15 341.42 415.77 435.22 608.18 
Relative deviation (reference α=0) 
 
25% 51% 142%  22% 46% 129%  22% 27% 102%  22% 27% 78% 
Kg CO2-eq per kg H2  1.74 1.89 2.00 2.85 1.74 1.84 1.93 2.67 1.73 1.83 1.91 2.66 1.72 1.82 1.90 2.66 
Relative deviation (reference α=0) 
 
9% 15% 64% 
 
6% 11% 54% 
 
6% 10% 54% 
 
6% 11% 55% 
Production facility risk 7.2 7.95 8.60 9.60 9 9.35 9.51 10.95 12.45 13.35 13.80 14.80 20.55 21.30 23.65 26.65 
Relative deviation (reference α=0)   10% 19% 33%   4% 6% 22%   7% 11% 19%   4% 15% 30% 
Storage facility risk 20.7 24.88 35.73 50.88 118.8 187.02 267.30 311.30 272.7 436.45 587.20 621.30 387 623.40 796.50 944.20 
Relative deviation (reference α=0)   20% 73% 146%   57% 125% 162%   60% 115% 128%   61% 106% 144% 
Transportation modes risk 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total Risk 27.9 33.14 45.25 62.27 127.8 196.98 278.12 324.09 285.15 450.47 602.26 637.57 407.55 645.34 821.36 972.59 
Relative deviation (reference α=0)   19% 62% 123%   54% 118% 154%   58% 111% 124%   58% 102% 139% 
 
a α=0  a α=0.16  a α=0.33  a α=0.50      
TABLE 5.18 OPTIMAL HSCN CONFIGURATIONS OBTAINED FOR α=0, α=0.16, α=0.33 AND α=0.50  
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As expected, the operating cost and the capital cost increase with hydrogen demand. Although the 
TDC is higher when α increases, the unit cost decreases, mostly due to the effect of scale. For 
example, in the first period (2020), with a value of α equal to 0 (respectively 0.5), the unit cost of 
H2 is $10.14/kg H2 (respectively $6.98/kg H2). The same situation is observed over the whole time 
period. Conversely, GWP and Risk increase with hydrogen demand. 
The number of facilities also increases as α-value increases, except for α equal to 0.5 for which 
priority is given to electrolysis plants instead of distributed ones allowing greater capacity is 
available. 
A robustness study can thus be carried out from the optimization results presented in Table 5.19. 
Let us consider the HSCN configuration obtained with α equal to 0.33. The network, that has 
been obtained from the successive use of the multi-objective optimization procedure and MCDM 
technique, is perfectly consistent with the corresponding demand. Yet if the demand does not 
reach the maximal expected value, this will result in higher values of all criteria. In order to 
check if an acceptable range for the criteria values can still be obtained even if the network is 
over-dimensioned for this demand level, a post-optimal analysis is then carried out using the 
given network and the lowest value of the demand. Table 5.19 compares the results obtained in 
both scenarios. 
TABLE 5.19 ROBUSTNESS ANALYSIS OF THE OPTIMAL CONFIGURATIONS OF α=0.33, α=0.66 AND α=1, BUT WITH 
DEMAND OF α =0. 
α=0.33 α=0.66 α=1 
2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050 
TDC (M$ per day) 89.24 514.66 1083.21 1494.42 93.31 554.59 1193.17 1614.67 98.93 593.65 1292.13 1729.73 
Relative deviation 
(reference α=0) 11% 5% 4% 3% 16% 13% 15% 12% 23% 21% 25% 20% 
Unit cost ($ per kg H2) 11.30 8.66 7.80 7.54 11.81 9.33 8.60 8.15 12.52 9.99 9.31 8.73 
Relative deviation 
(reference α=0) 11% 5% 4% 3% 16% 13% 15% 12% 24% 21% 25% 20% 
GWP (T CO2 eq per 
day) 
13.83 103.19 240.22 341.42 13.85 103.51 241.02 341.98 13.74 102.96 240.52 341.55 
Relative deviation 
(reference α=0) 0% 0% 0% 0% 0% 0% 0% 0% 1% 0% 0% 0% 
GWP (kg CO2 eq per 
kg H2) 
1.74 1.74 1.73 1.72 1.75 1.74 1.74 1.73 1.74 1.73 1.73 1.72 
Relative deviation 
(reference α=0) 0% 0% 0% 0% 1% 0% 0% 0% 0% 0% 0% 0% 
Risk 45.25 278.12 602.26 821.36 70.31 326.36 749.19 1064.64 94.76 373.11 764.79 1099.59 
Relative deviation 
(reference α=0) 62% 118% 111% 102% 152% 155% 163% 161% 240% 192% 168% 170% 
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5.4.6 RESULT DISCUSSION  
The hydrogen price evolution is directly dependent on production and distribution cost. The 
different studies have shown the hydrogen cost evolution with the gradual introduction of 
demand from the mobility sector. A comparative study of the different results considering 
different FCV market penetration rates taking into account  different hydrogen production 
technology choices has been carried out and even for the highest demand, the results show  (see 
Figure 5.17) that hydrogen cost for 2050 (see yet remains expensive compared to the Hyways 
roadmap targets (European Commission, 2008) for the best compromise solutions obtained by use 
of the proposed multi-objective-MCDM framework. For the sake of illustration, the best solution 
obtained for hydrogen cost minimization ($4.18/kg of H2) and for GWP minimization ($7.30/kg H2) 
as also been reported. A consistent approach would be to find a compromise solution between 
these bounds since the GWP is consistent with the targeted values  (Mobilité Hydrogène France, 
2016) (see Figure 5.18). 
 
FIGURE 5.17 COST OF HYDROGEN IN 2050 ($ PER KG H2).  
Figure 5.18 compares the well-to-wheel CO2 emissions per km obtained with FCEV obtained by 
use of the proposed methodology and those related to ICE vehicles equipped with gasoline-
 or diesel-fuelled engines (Hydrogen Council, 2017) for the 2050 period. Currently, on-road fuel 
economy is around 1 kg of hydrogen per 100 km travelled, and the emissions expected for ICE 
vehicles are around 60 g CO2/km (IEA, 2015). With the costs used in the original models, the 
emissions are in the range 28 - 38 g CO2/km for the MILP and GA approach, respectively. With 
the new UPC cost, the emissions are below 20 g CO2/km. It must be emphasized that FCEV 
emissions are expected to be below 23 g CO2/km (Mobilité Hydrogène France, 2016) in 2030, 
which means that the HSCN obtained with the new costs is competitive with the expected results.  
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FIGURE 5.18 COMPARISON OF EMISSIONS BY SECTOR IN 2050 (G CO2/KM). DATA FROM (MOBILITÉ 
HYDROGÈNE FRANCE, 2016) 
5.5 CONCLUSIONS 
This chapter has presented the core methodology for HSCN design combining multi-objective 
optimization tools and multiple criteria decision making techniques.  The scientific challenge of 
this work was to use the potential of genetic algorithms as an alternative of the current 
methodologies in the optimization of the HSC design, and in particular as a complementary 
approach to the MILP framework previously developed in (De-León Almaraz et al., 2014): the size 
and in particular the number of binary variables have often led to difficulties for problem solution 
in (De-León Almaraz et al., 2014). In this work, a variant of NSGA-II previously developed in 
(Gomez et al., 2008) has been explored to cope with the multi-objective formulation, in order to 
produce compromise solutions automatically.  
The case study of the hydrogen mobility market in the former Midi-Pyrenées region has been 
considered as it was already studied in in (De-León Almaraz et al., 2014) for validation purpose of 
the proposed methodology:   it is foreseen to be the fastest growing and most important market in 
the horizon 2025 – 2030, thus clearly relevant in the context of a « green hydrogen » study.  
The solutions obtained by GA exhibit the same order of magnitude as those obtained with MILP 
in the mono-criterion problem, but better compromise solutions are produced in the multi-
objective formulation. The multi-objective GA provides Pareto fronts of better quality with a 
better distribution of the compromise solutions. Yet in our view, both strategies have not to be 
opposed but the maximum use if their potential benefits must be made.  
Several experiments were developed with a fixed demand and for mono and multi-objective cases. 
In the multi-objective instances, the GA outperforms the ε-constraint strategy. It must be 
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highlighted that the GA prioritizes the TDC cost, giving better results that the ε-constraint 
method, and also the transportation of hydrogen between the grids. The differences in the 
distributions and the results between the GA and the MILP approaches can be explained by the 
way of managing the constraints and their different logic.  
In the original model (De-León Almaraz et al., 2014),  the unit production cost (UPC) of electricity 
remains fixed for all the time periods whatever the hydrogen technology, which was a severe 
simplification. The unit production cost was now considered taking into account the fixed facility 
costs (maintenance, labour cost) as well as electricity and feedstock costs, which is more relevant 
to the reality of costs. 
Hydrogen demand was identified as one the most significant parameters on HSCN design, a GA 
model was developed taking into account the uncertainty of the demand, modelled using fuzzy 
concepts. Since hydrogen demand was simply involved through constraints in the HSCN model 
formulation, the HSC design problem refers to the simplest form of fuzzy linear programming, as 
proposed by (Delgado et al., 1993; Ebrahimnejad and Verdegay, 2016; Verdegay, 1982). The 
solution strategy can thus be easily implemented by varying α which can be considered as the 
percentage of tolerance that will be added to the base demand. This sensitivity analysis has 
allowed to identify more robust solutions. The solutions are compared with the original crisp 
models either based on MILP or on GA, giving more robustness to the proposed approach. 
An extension could be to develop a fuzzy optimization model for supply chain design which 
considers demand and prices uncertainties. The model could be formulated as a fuzzy model 
where data are ill-known and modelled by triangular fuzzy numbers. The synergetic effect of 
genetic algorithms and fuzzy demand modelling could be thus explored so that the fuzzy model 
would provide the decision maker with alternative decision plans for different degrees of 
satisfaction.  
Finally, this study has revealed that if the economic and environmental criteria can be 
formulated by proven methodologies, the safety risk is perhaps the more difficult to formulate and 
calibrate.  
The use of the framework could be useful to deploy the hydrogen solution since the introduction of 
hydrogen as an energy carrier is not only a technology challenge, but also requires the 
convergence of many economic, environmental and social factors.  
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CHAPTER 6 
OPTIMAL DESIGN OF A HYDROGEN SUPPLY 
CHAIN NETWORK: APPLICATION TO AN 
AIRPORT ECOSYSTEM 
Abstract 
Hydrogen and fuel cell technologies can be one solution to address the challenges that major 
airports are facing today, such as upward price trends of liquid hydrocarbon fuels, greenhouse gas 
(GHG) emission regulations, stricter noise and air pollutant emission regulations especially for on-
ground pollution. An airport could be viewed as the centre of a hydrogen ecosystem around which 
multiple hydrogen users could be clustered, with cost sharing of hydrogen production and storage 
among users. The objective of this work within the Hyport meta-project and, in particular within 
the « H2 modelling » project, is to design a hydrogen infrastructure irrigated by the airport 
ecosystem satisfying the airport ecosystem energy needs. This chapter is focused on a hydrogen 
airport ecosystem located in the department of Hautes-Pyrénées (France). The model is based on a 
multi-objective optimization framework designed to consider four echelons: energy sources, 
hydrogen production, transportation and storage. The multi-period problem is solved using the ε-
constraint method. Two objective functions are considered, i.e., the Total Daily Cost of the network 
(TDC) and the Global Warming Potential (GWP). Since hydrogen demand is one the most 
significant parameters, the uncertainty of the demand, has also been taken into account using the 
fuzzy linear programming strategy proposed by (Delgado et al., 1993). The solutions are compared 
with the original crisp model giving more robustness to the proposed approach. 
Résumé 
L’hydrogène et les piles à combustible peuvent être une solution pour relever les défis auxquels sont 
confrontés les grands aéroports, tels que l’augmentation du prix des hydrocarbures, les émissions 
de gaz à effet de serre, les réglementations plus strictes sur le bruit et les polluants atmosphériques. 
Un aéroport pourrait être considéré comme le centre d'un écosystème hydrogène autour duquel de 
multiples utilisateurs d'hydrogène pourraient être regroupés, pour partager coûts de production et 
de stockage d'hydrogène. L'objectif de ce travail qui s’insère dans le méta-projet Hyport et 
notamment au sein du projet «H2 modeling» est de concevoir une infrastructure hydrogène irriguée 
par l'écosystème aéroportuaire répondant aux besoins énergétiques de l'écosystème aéroportuaire. 
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Ce chapitre est axé sur le déploiement d’un tel écosystème situé dans le département des Hautes-
Pyrénées (France). Le modèle est basé sur un cadre d'optimisation multi-objectif pour prendre en 
compte quatre échelons : sources d'énergie, production d’hydrogène, transport et stockage. Le 
problème multi-période est résolu en utilisant la méthode ε-contrainte. Deux fonctions objectifs sont 
considérées, i.e., coût journalier total du réseau (TDC) et potentiel de réchauffement global (GWP). 
Puisque la demande d'hydrogène est l'un des paramètres les plus significatifs, l'incertitude de la 
demande a également été prise en compte en utilisant la stratégie de programmation linéaire floue 
proposée par (Delgado et al., 1993). Les solutions sont comparées au modèle original donnant plus 
de robustesse à l'approche proposée. 
 
Keywords- Hydrogen Supply Chain, Airport ecosystem, MILP, demand under uncertainty, 
optimization. 
Acronyms 
GHG GreenHouse Gas 
GWP Global Warming Potential 
HSC Hydrogen Supply Chain 
MILP Mixed Integer Linear Programming 
M-TOPSIS Modified Technique for Order Preference by Similarity to Ideal Solution 
TDC Total Daily Cost 
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6.1 INTRODUCTION 
Hydrogen produced from renewable sources and used in fuel cells both for mobile and stationary 
applications constitutes a very promising energy carrier in the energy transition. The strategic 
roadmaps (ADEME, 2011; AFHYPAC, 2012; Agency for Natural Resources and Energy, 2014; 
Cueugniet et al., 2015; Dutta, 2014; H2ME 2, 2016, HyWays, the European Hydrogen Roadmap, 
2008; IEA, 2015; Le Duigou et al., 2013; Momirlan and Veziroglu, 2002; Ozkan, 2009) that have 
been currently published about the potential of hydrogen at European, national and regional level 
as well as the analysis of the scientific publications in this field have identified that even if many 
of the required technologies are already available today, the deployment of hydrogen 
infrastructures constitutes the challenging task for the development of a «hydrogen» economy, so 
as to achieve competitive costs and mass market acceptance. According to these roadmaps, 
hydrogen demand for road transport is assumed to be a major parameter and is likely to grow in 
three phases according to energy trends of 2030 scenario (Ozkan, 2009): 
• Infrastructure phase I: the demonstration phase during which a few large-scale first user 
centres are situated across Europe.  
• Infrastructure phase II: the early commercialisation phase with 3-6 user centres per 
country, possibly including a network of transit roads connecting these centres.  
• Infrastructure phase III: The full commercialisation phase, which encompasses existing 
user centres as well as newly developed regions and a dense, long-distance road network 
Phase III, is assumed to develop in three sub-phases (see (Ozkan, 2009) for more details). 
These large-scale deployment initiatives must be supported by long-term policy frameworks in 
countries that are early adopters. These initiatives should use current activities as platforms in 
order to deploy them at a national scale (Hydrogen Council, 2017). In that context, a Hydrogen 
Territory initiative was launched in France in 2016, which aims to demonstrate, on the scale of a 
particular territory, the technoeconomic feasibility as well as the environmental benefits of 
deploying hydrogen in energy networks or local energy applications. The Occitania region has 
been awarded with its meta-project HyPort, combining advanced innovation in hydrogen fuel cell 
applications for aeronautics, green hydrogen production and H2 mobility deployment for Toulouse 
international airport, Tarbes-Lourdes-Pyrénées regional airport, and the vast urban or rural and 
touristic perimeters connected to them.  
Due to its characteristics, the airport infrastructure is an interesting case study. An airport is a 
source of emissions that affect climate, including the emissions generated from activities 
occurring inside and outside the airport perimeter fence associated with the operation and use of 
an airport. The airport infrastructure accounts for 3.9% of Greenhouse Gas Emission of airplane 
transport and its related activities (MADEELI, 2016). Besides, urban mobility is directly 
impacted by airport activities: taxis, car rental, buses, tramways and subways, particular 
vehicles, lightweight and heavyweight utility vehicles, etc. 
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In that context, the hydrogen solution seems particularly interesting for the energy supply of the 
airport infrastructure and of the utility vehicles at non-public areas (ground support). The airport 
and surrounding areas are important stationary energy demanding zones, and there is an 
increasing interest in searching new energy solutions in order to improve environmental impact, 
autonomy, security and efficiency. 
Several studies for Hydrogen Supply Chain (HSC) design have already been conducted (Agnolucci 
et al., 2013; Almansoori and Shah, 2009, 2012; De León Almaraz, 2014; Guillén-Gosálbez et al., 
2010; Sabio et al., 2010) at a larger scale. The most common methodology to solve the HSC 
problems involves an MILP (Mixed Integer Linear Programming) approach. 
For example, (Guillén-Gosálbez et al., 2010) design a HSC for vehicle use. The design task is 
formulated as a bi-criterion MILP problem. A case study in Great Britain is introduced to 
illustrate the capabilities of the proposed approach. The model optimizes an economic and 
environmental objective. The economic objective is given by the total discounted cost, and the 
environmental impact is expressed as the contribution to the climate change. Then, the problem 
is decomposed into two levels. The upper level refers to the so-called master problem with binary 
variables related to the selection of the different technologies. The lower level is represented by 
the original MILP model. The advantage of this methodology is the reduction of combinatorial 
complexity of the problem, and thus, its computational effort. 
(Sabio et al., 2010) also design a HSC for vehicle use. The objective is to determine the optimal 
design of the production-distribution network. The model based on an MILP formulation, with 
uncertainty modelling introduced in the operating costs of the network has been applied to a 
Spain case of study.  
A previous work (De León Almaraz, 2014) has been devoted to the development of a generic 
framework that takes into account the design of a HSC for fuel use in the time horizon 2020-2050 
considering national (France) and regional (Midi-Pyrénées) scales with many energy sources and 
embedding the various production and storage technologies while considering the transportation 
modes to link hydrogen demand to its supply. A multi-objective formulation is addressed in which 
cost, environmental impact and safety must be simultaneously taken into account at the earlier 
design stage. Even if the methodology proved to be robust enough to tackle different geographic 
scales, the way how the deployment can be operated from typical clusters and industrial 
ecosystems has not been studied so far. 
To fill in this gap, this study is focused on the introduction of the hydrogen solution in an airport 
ecosystem and on its integration into a territory, i.e., the “department of Hautes-Pyrénées” in 
France. This airport is of major importance for the regional economy through its connection with 
tourism and industrial (aeronautics) activities.  
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In this work, the airport is viewed as the centre of a hydrogen ecosystem and the objective is to 
design a hydrogen infrastructure irrigated by the airport ecosystem satisfying the airport 
ecosystem energy needs. The approach that will be developed must be generic enough to be 
applied to other (air)port systems. For this purpose, the methodological framework developed in 
the previous chapter has been used and some constraints have been adapted.  
6.1.1 HYDROGEN IN AVIATION AND AIRPORTS 
The aviation sector is increasingly facing challenges related to upward price trends of liquid 
hydrocarbon fuels, greenhouse gas (GHG) emission regulations, and stricter noise and air 
pollutant emission regulations especially for on-ground pollution at large airports. Biofuels 
cannot tackle all these issues, and shifting to hydrogen appears to be a promising alternative as 
highlighted in  (Stiller and Schmidt, 2010). The replacement of fossil fuels in aviation industry 
has been widely studied. The most commonly used fuel for commercial aviation is kerosene which 
is highly pollutant, therefore, hydrogen and other fuels as methane and methanol are studied in 
order to replace it. In the study reported in (Yılmaz et al., 2012), a comparison between kerosene 
and hydrogen is presented based on their performance and environmental impacts. Hydrogen use 
in the aviation sector may concern an alternative fuel for future low-emission aircraft. Hydrogen-
fuelled engines generate no CO2 emissions at the point of use, may reduce NOX emissions, and 
greatly diminish emissions of particulate matter. In (Janić, 2014), the GHG emissions of a 
conventional jet operated aircraft and one operated by cryogenic liquid H2 for the long-term are 
evaluated. The author analyses different introduction rates and emphasizes that an efficient, 
reliable and safe supply chain is a prerequisite for hydrogen deployment. According to these 
studies, industry needs to overcome significant technical challenges in designing a hydrogen-
powered aircraft for commercial aviation and in producing enough hydrogen in a sustainable way, 
and highlight the need of a hydrogen infrastructure (Lee and Mo, 2011). 
Hydrogen applications in aviation industry have been analysed for specific purposes. In (Stiller 
and Schmidt, 2010) an airport liquid Hydrogen infrastructure for aircraft Auxiliary Power Units 
(APU) is considered. The incorporation of on-site liquefaction units is considered for a long-term 
horizon, regarding applications and possible synergies such as hydrogen fuelled ground support 
equipment, apron vehicles and airport-bound vehicles. 
Hydrogen is already present in airports worldwide, mostly with the incorporation of refuelling 
stations. Typical examples include international airports in Japan, i.e.,  Kansai (“Iwatani Europe: 
Hydrogen Station,” n.d.) and Narita (“Hydrogen - Renewable Energy - Idemitsu Kosan Global,” 
n.d.), Berlin Brandenburg Airport (BER) (“Green hydrogen facility opens at Berlin airport,” 2014), 
Munich airport in Germany “Munich Airport - Zone 3 - Cargo,” n.d.), and Oslo airport in Norway 
(“Prime Minister opens hydrogen filling station at Oslo Airport,” n.d.).  
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Air Liquide and Groupe ADP inaugurated the first public hydrogen station installed in an airport 
zone in France (Paris-Orly airport area) on 7 December 2017 with the support of the FCH JU 
(Fuel Cells and Hydrogen Joint Undertaking (Fuel Cells and Hydrogen, n.d.). This initiative is 
promoting the deployment of "Hype”, the world's first hydrogen-powered taxi fleet.  
In this chapter not only the uses of hydrogen required in the airport ecosystem are considered, 
but those for electromobility application of the Hautes-Pyrénées surrounding. 
6.2 MODELLING FRAMEWORK 
For HSC deployment in Hautes-Pyrénées, the core methodology developed in Chapter 5 was 
adapted according to the new characteristics of the system. Let us recall that the model was 
designed in a generic way to be adapted to different scenarios, for example the addition of new 
energy sources or the modification in the geographic breakdown.  
The original model proposes a multi-objective optimization designed to consider five stages: 
energy sources, production, transportation, storage and fuelling stations. It was designed to 
include regional and national levels in order to study the operability and evolution of the system 
at different scales.  
The multi-period formulation is solved here using the ε-constraint method, considering two 
objective functions to be optimized, i.e. the total daily cost of the network, and the global warming 
potential. The instance of the model involves has 3,493 continuous variables and 1,848 integer 
variables. The territory has been discretized into 6 grids. Due to these feature, a preliminary 
analysis has shown that the MILP approach could be used to model the airport ecosystem HSC. 
Finally, for the obtained Pareto front, the TOPSIS (Technique for Order of Preference by 
Similarity to Ideal Solution) methodology is applied in order to select one of the optimal solutions.  
 The proposed approach is illustrated in Figure 6.1 
Since hydrogen demand is one the most significant parameters, the uncertainty of the demand, 
has also been taken into account modelled using the fuzzy linear programming strategy proposed 
by (Verdegay, 1982; Villacorta et al., 2017), giving more robustness to the proposed approach. 
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FIGURE 6.1 HSC MODEL - PROPOSED APPROACH. ADAPTED FROM (SOFÍA DE LEÓN ALMARAZ, 2014) 
6.2.1 HSC MODEL ADAPTATION 
As abovementioned, the multi-period model uses a deterministic MILP (Mixed Integer Linear 
Programming) approach embedded in a GAMS/CPLEX environment with a multi-objective 
formulation implemented via the ε-constraint method to generate the Pareto front. 
The following notations were used in the different constraints: 
• g and g': grid squares such that g' ≠ g  
• i: product physical form (LH2) 
• l: type of transportation modes (tanker truck) 
• p: plant type with different production technologies (SMR, Electrolysis, DisElectrolysis) 
• s: storage facility type with different storage technologies (LH2 stock) 
The following hypotheses were made:  
• There are no production plants or storage units installed in the department before the 
first period of simulation. 
• The learning rate of the system is fixed and equal to 12% per period. 
The risk is not analysed in this study case, and the optimization objectives retained are the Total 
Daily Cost of the network (TDC), and the total Global Warming potential (GWP). 
 
 
 
 
 
Multi-objective optimization strategies for hydrogen supply chains: application to design and deployment 
220 
6.2.2 OBJECTIVE FUNCTIONS 
The aim of this model is to minimize the TDC and the GWP. The total daily cost of the network in 
$ per day, is defined as follows: 
Z[ = 	 L		"		.		 O + ` + Z       (6.1) 
In this expression, FCC is the facility capital cost ($), TCC is the transportation capital cost ($) γ 
is the network operating period (days per year) which is affected by the capital charge factor (CCF 
in years). The facility operating cost FOC ($ per day) and the transportation operation cost TOC 
($ per day) are added to the equation in order to consider the totality of the related costs of the 
network. 
The Global Warming potential (in g CO2 -equivalent per day) is calculated as: 
  a = aa + =a + Za      (6.2) 
 
which is the sum of the global warming potential due to the production facilities type p (PGWP), 
the storage technology (SGWP) and the daily transport (TGWP). 
6.2.3 DATA IDENTIFICATION 
6.2.3.1 GEOGRAPHICAL DIVISION 
Before optimization, the geographical zone is discretized with an independent demand in each 
grid. A special grid is considered for the airport. 
First, a study on the evolution of the municipal population of the department and on its 
distribution (division in canton) to predict the evolution of hydrogen demand (demand in function 
of the predicted vehicles number) was performed. In the Hautes-Pyrénées, some cantons have a 
marked urban character: 56% of the inhabitants of the department reside in a cluster 
(agglomeration of more than 1,500 jobs), which is comparable to the regional average (58%). 
To simplify the problem and homogenize the identified needs, the grids have been grouped 
according to a geo-graphical distribution, leading to 6 grids. Figure 6.2 represents the selected 
division. 
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FIGURE 6.2  DEFINITION OF THE GRIDS 
6.2.3.2 HYDROGEN NEEDS AND POSSIBLE USES 
The region considered is the department of Hautes-Pyrénées in France which was divided into 6 
grids and each one of them is characterized by a specific demand. The grid division was made 
following a population density distribution based on statistic data from (“Insee - Institut national 
de la statistique et des études économiques,” n.d.) and a geographical distribution criterion (based 
on proximity), assigning an independent grid for the airport. 
Originally, the demand is fixed and can be satisfied either by local production, or by importation 
from other grids. Two base scenarios were considered for a low and a high demand case, based on 
the previous studies of (Salingue, 2012). The percentage of hydrogen network incorporation for 
mobility purposes corresponding to each scenario and period is presented in detail in Table 6.1.   
TABLE 6.1 PERCENTAGES OF HYDROGEN INCORPORATION FOR TRANSPORTATION PURPOSES FOR THE 
SCENARIOS CONSIDERED (RELATIVE TO THE TOTAL NUMBER OF VEHICLES)  
Period Low Demand 
Scenario 
High Demand 
Scenario 
2020 1% 2% 
2030 7.5% 15% 
2040 17.5% 35% 
2050 25% 50% 
 
To identify the demand of vehicles for each grid, a study of their evolution in the last 20 years was 
conducted, and then a weight factor depending on population density was assigned. Finally, a 30 
year-prediction following the observed trend was carried out to for demand estimation. The 
categories considered are particular and commercial vehicles, buses, trucks and light weight 
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vehicles (≤3.5 Tons) and agricultural tractors. The hydrogen demand is a function of the average 
distance covered in km/year and of the standard fuel economy for each category. 
The specific energy needs of the airport grid have also been studied in more detail. They involve 
different categories, i.e., lighting, heating, generator power units, daily airplane movement and 
vehicle fleet. Each one of them was identified with the collaboration of the airport staff. The final 
aim was to cover 20% of the heating demand, and 100% demand required by vehicle fleet, 
generator and security power units by 2050. As the facilities are not yet fully deployed, the 
general demand was increased by 15% for each period, following the airport expected 
development scenario.  
The assumptions based on the data provided by the airport are:  
• The flight frequency ascends to 14 flights per day. 
• The generator units of 90, 120 and 140 kVA, work 3 hours per day. 
• The security system units of 100, 250 and 650kVA can provide energy for 48 hours if 
needed. 
• The utility vehicles include 9 towing tractors of 400kW functioning 4 hours per day, 2 
forklifts of 3kW functioning 7 hours per day and 5 lightweight vehicles with a medium 
distance of 10000km/year (captive fleet). 
• The hydrogen consumption was calculated for each period considering the medium 
distances carried out by the buses and the number of planes per day.  
 The estimation scenarios of demand forecast for hydrogen in short, mid and long term in relation 
to market penetration are presented in Table 6.2 and Table 6.3. 
TABLE 6.2 LOW DEMAND SCENARIO VALUES FOR EACH GRID 
 Demand of hydrogen per period (kg/day) 
Grid 2020 2030 2040 2050 
1 134 1012 2404 3555 
2 115 870 2068 3058 
3 149 1126 2675 3955 
4 109 824 1959 2896 
5 103 782 1859 2748 
6 288 355 440 538 
 
TABLE 6.3 HIGH DEMAND SCENARIO VALUES FOR EACH GRID 
 Demand of hydrogen per period (kg/day) 
Grid 2020 2030 2040 2050 
1 267 2024 4808 7109 
2 230 1741 4136 6115 
3 298 2252 5350 7910 
4 218 1649 3917 5792 
5 207 1565 3717 5497 
6 575 710 881 1077 
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6.2.3.3 ENERGY SOURCES 
To produce hydrogen, normally five energy sources are taken into account, i.e. photovoltaic, wind, 
hydropower, biogas and geothermal. 
Hydropower is the principal energy source of the department, i.e. 950 MWp installed in 130 
hydraulic plants. Only the run-of-river power plants were considered, as the production of 
impoundment facilities is essentially used as a water reservoir, and the pumped storage systems 
are used for electricity generation during high demand peaks.  
Even though the solar plants have not had a significant evolution since 2012, three soil 
installations can be found in the region. In the next years some projects will probably see the 
light.  
Regarding biogas production via methanisation, there is one plant installed with a cogeneration 
capacity of 2500-3000 kWh of electricity per month. There are currently future projects under 
investigation, on a medium-term basis.  
Due to the regional characteristics, no wind source has been considered. 
Geothermal energy is used only for particular purposes and even though there is a large potential 
in the north of the department, the available data is insufficient to make future predictions. 
 Given the study case constraints, only hydraulic and solar energy resources were finally 
considered. Besides, only solar energy production is possible regarding security and techno-
economic feasibility studies within the perimeter of the airport (Axenne, 2016).  
6.3 RESULTS 
6.3.1 MONO-OBJECTIVE OPTIMIZATION 
Two mono-objective optimizations were performed with the low-demand scenario, minimizing the 
GWP and the TDC, respectively. The results comparison is shown in Table 6.4. 
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TABLE 6.4 MONO-OBJECTIVE LOW-DEMAND SCENARIO DETAILED OPTIMIZATION RESULTS 
  Min TDC Min GWP 
Year 2020 2030 2040 2050 2020 2030 2040 2050 
Demand (t per day) 0.89 4.96 11.4 16.75 0.89 4.96 11.4 16.75 
Number of total production facilities 7 11 15 16 7 11 12 13 
Number of total storage facilities 11 14 24 30 7 8 13 13 
Number of transport units 0 0 0 2 0 0 0 2 
Capital cost 
        
Plants and storage facilities (106 $) 58.80 76.13 68.79 56.67 120.15 301.7857 113.731 66.3 
Transportation modes (106 $)         0 0 0 1500 0 0 0 1000 
Operating cost 
        
Plants and storage facilities (103 $ per day) 10.84 31.64 48.31 54.44 10.79 59.324 131.325 154.602 
Transportation modes (103 $ per day)          0 0 0 0.35 0 0 0 0.187 
Total daily cost (103 $ per day) 24.44 41.92 57.74 66.24 38.395 120.334 158.179 167.485 
Cost per kg H2 ($) 27.46 8.45 5.06 3.95 43.14 24.26 13.88 10.00 
Production facilities (t CO2-eq per day)  3.94 20.33 45.17 36.7 3.04 19.33 44.1 34.7 
Storage facilities (t CO2-eq per day)  0.84 3.81 8.48 12.4 0.54 3.41 8.08 11.4 
Transportation modes (t CO2-eq per day)  0 0 0 0.46 0 0 0 0.367 
Total GWP (t CO2-eq per day)  4.78 24.14 53.65 49.56 3.58 22.74 52.18 46.467 
Kg CO2-eq per kg H2  5.37 4.87 4.71 2.96 4.02 4.58 4.58 2.77 
 
 
FIGURE 6.3  MAPS FOR THE LOW-DEMAND SCENARIO (MIN TDC) 
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FIGURE 6.4  MAPS FOR THE LOW-DEMAND SCENARIO (MIN GWP) 
When the TDC is minimized (Figure 6.3), during the first period, hydrogen is produced by the 
distributed electrolysis plants in each region, with an additional electrolyser in the airport grid. 
During the other periods, priority is given to the installation of distributed plants, mainly due to 
the weak demand. The average hydrogen cost is $11.23/kg H2. Almost the same distribution can 
be found when the GWP is minimized (Figure 6.4). The average CO2 emissions are of 3.99 kg CO2 
eq/kg H2. The main difference between the two cases lies in number of electrolysers installed and 
the size of the facility plants.    
6.3.2 MULTI-OBJECTIVE OPTIMIZATION 
The first step is to consider the scenario with the low demand. As it can be observed Table 6.5, the 
cost decreases drastically from the first period ($25.52/kg H2) to the last one ($4.25/kg H2). This 
can be explained by the initial investment required to implement the HSCN, and the low demand 
for the first period. The demand increase along the whole periods helps to reduce the cost per kg 
of H2. The same situation occurs with the CO2 emissions, reaching 2.77 kg CO2-eq per kg H2 in 
the last period. 
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TABLE 6.5 MULTI-OBJECTIVE OPTIMIZATION RESULTS FOR THE HSC 
Year 2020 2030 2040 2050 
Demand (t per day) 0.89 4.96 11.40 16.75 
Number of total production facilities 6 10 13 15 
Number of total storage facilities 11 14 23 29 
Number of transport units 0 0 0 2 
Capital cost 
    
Plants and storage facilities (106 $) 49.77 59.18 52.66 45.60 
Transportation modes (106 $)         0 0 0 1000 
Operating cost 
    
Plants and storage facilities (103 $ per day) 8.55 37.10 50.46 51.97 
Transportation modes (103 $ per day)          0 0 0 0.2178 
Total daily cost (103 $ per day) 22.92 41.61 61.18 71.24 
Cost per kg H2 ($) 25.52 8.37 5.36 4.25 
Production facilities (t CO2-eq per day)  3.03 16.12 24.60 34.64 
Storage facilities (t CO2-eq per day)  0.63 3.50 8.03 11.79 
Transportation modes (t CO2-eq per day)  0 0 0 0.42 
Total GWP (t CO2-eq per day)  3.66 19.62 32.63 46.43 
Kg CO2-eq per kg H2  4.11 3.95 2.86 2.77 
 
 
FIGURE 6.5 MAPS FOR THE LOW-SCENARIO DEMAND 
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Figure 6.5 shows the evolution of the supply chain for the periods of 2020 until 2050, considering 
the low-demand scenario. In the first period, there are only distributed plants, due to the low 
hydrogen demand. The cost of the network for this period is $25.52 /kg H2 with 4,08kg CO2 eq/kg 
H2. The investment costs of the supply chain are high in the first period, since there is no 
production plant or storage facility previously installed. With the development of the network, the 
costs reduce until reaching $4.25/kg H2 in 2050. Between the second and the third period, the 
demand increases, giving the possibility to incorporate transport units between grids, and 
consequently strongly lowering hydrogen cost. As the model allows to eliminate plants from one 
period to another one, the distributed network moves towards a centralized design, with 
production plants near the renewable energy sources and hydrogen transport to the other grids. 
For the airport grid, the demand is low enough to be satisfied by local production, so that no 
changes occur from a period to the other one. 
Regarding CO2 emissions, there is a reduction between the five periods reaching 2.77 kg CO2 
eq/kg H2. These results depend strongly in the case of study, and for our case the energy resources 
are 100% renewable and mostly from hydraulic power plants, which exhibit the lowest GWP 
values. 
6.3.3 UNCERTAIN-DEMAND SCENARIO 
For this case, the demand is not fixed and may vary between the values of the low-demand and 
the high-demand. The tolerance is the difference between the high and the low demand, and the 
concept of α is introduced as the percentage of tolerance that will be added to the low-demand (see 
Chapter 5). Table 6.6 shows the demand used for each α-value. 
TABLE 6.6 VALUES OF THE DEMAND ACCORDING TO THE α-CUT 
α 
0.00 0.16 0.33 
2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050 
Tolerance (t per day) 0.00 0.00 0.00 0.00 0.14 0.80 1.82 2.68 0.30 1.64 3.76 5.53 
Demand (t per day) 0.90 4.97 11.40 16.75 1.04 5.76 13.23 19.43 1.19 6.61 15.17 22.28 
α 
0.50 0.66 0.83 
2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050 
Tolerance (t per day) 0.45 2.48 5.70 8.38 0.59 3.28 7.53 11.06 0.75 4.12 9.47 13.90 
Demand (t per day) 1.35 7.45 17.11 25.13 1.49 8.25 18.93 27.81 1.64 9.09 20.87 30.65 
α 
1.00  
2020 2030 2040 2050     
Tolerance (t per day) 0.90 4.97 11.41 16.75     
Demand (t per day) 1.80 9.94 22.81 33.50     
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For each α-value, a bi-criteria optimization procedure has been implemented, leading to the set of 
solutions constituting the Pareto front, from which the M-TOPSIS procedure is then applied. The 
criteria (average values over the periods) relative to the compromise solution of the HSCN finally 
obtained are presented in (Table 6.7) and the instances obtained for α equal to 0; 0.16; 0.33; 0.50 
are shown in Table 6. 8, where the relative deviation relative to the case for which α equal to 0 is 
presented. 
TABLE 6.7 RESULTS OF HSCN SOLUTIONS THE DIFFERENT α-CUTS (AVERAGE VALUES OVER THE FOUR 
PERIODS) 
  α value 
  0.16 0.33 0.50 0.66 0.83 1.00 
TDC (M$ per day) 208.46 231.6 254.06 276.6 287.01 308.47 
Relative deviation (reference α=0) 6% 17.59% 29.00% 40.44% 45.73% 56.62% 
Unit cost ($ per kg H2) 5.28 5.12 4.98 4.87 4.6 4.53 
Relative deviation (reference α=0) 9% 11.61% 14.03% 15.93% 20.59% 21.80% 
GWP (T CO2 eq per day) 154.09 181.47 204.92 229.95 262.58 299.04 
Relative deviation (reference α=0) 51% 77.32% 100.23% 124.69% 156.58% 192.20% 
GWP (kg CO2 eq per kg H2) 3.9 4.01 4.01 4.05 4.21 4.39 
Relative deviation (reference α=0) 30% 33.22% 33.22% 34.55% 39.87% 45.85% 
 
As it was expected, the unitary cost of hydrogen decreases when α increases, i.e with the first α-
value of 0.16, the average cost is of $5.28/kg H2. As the α-value increases, the unitary cost 
decreases, leading to $4.53/kg H2 with α equal to 1.  
The detailed results are presented in Table 6. 8.  
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Year 2020 2030 2040 2050 
Tolerance 0 0.14 0.3 0.45 0 0.8 1.64 2.48 0 1.82 3.76 5.7 0 2.68 5.53 8.38 
Demand (t per day) 0.9 1.04 1.19 1.35 4.97 5.76 6.61 7.46 11.41 13.23 15.17 17.11 16.75 19.43 22.28 25.13 
Number of total production facilities 6 6 6 6 10 11 11 13 13 14 15 16 15 16 18 21 
Relative deviation (reference α=0)   0% 0% 0%   10% 10% 30%   8% 15% 23%   7% 20% 40% 
Number of total storage facilities 5 6 6 6 10 10 11 11 16 17 23 25 23 23 34 34 
Relative deviation (reference α=0)   20% 20% 20%   0% 10% 10%   6% 44% 56%   0% 48% 48% 
Number of transport units 0 0 0 0 0 0 0 0 0 1 0 2 2 2 2 2 
Capital cost 
                
Plants and storage facilities (106 $) 49.77 54.16 59.15 58.18 59.18 61.68 74.19 75.75 52.66 59.32 73.4 69.28 45.6 46.91 71.81 75.93 
Relative deviation (reference α=0)   9% 19% 17%   4% 25% 28%   13% 39% 32%   3% 57% 67% 
Transportation modes (106 $)         0 0 0 0 0 0 0 0 0 500 0 1000 1000 1000 1000 1000 
Operating cost 
                
Plants and storage facilities (103 $ per 
day) 
8.55 9.92 10.21 12.82 37.1 39.86 41.51 45.8 50.46 54.66 58.64 62.63 51.97 60.08 66.39 77.42 
Relative deviation (reference α=0)   16% 19% 50%   7% 12% 23%   8% 16% 24%   16% 28% 49% 
Transportation modes (103 $ per day)         0 0 0 0 0 0 0 0 0 0.21 0 0.19 0.21 0.21 0.35 0.28 
Total daily cost (103 $ per day) 22.92 23.28 25.72 26.11 41.61 44.5 49.02 54.01 61.18 63.87 71.26 78.68 71.24 76.8 85.61 95.26 
Relative deviation (reference α=0)   2% 12% 14%   7% 18% 30%   4% 16% 29%   8% 20% 34% 
Cost per kg H2 ($) 25.52 22.35 21.53 19.34 8.37 7.72 7.42 7.24 5.36 4.83 4.7 4.6 4.25 3.95 3.84 3.79 
Relative deviation (reference α=0)   12% 16% 24%   8% 11% 14%   10% 12% 14%   7% 10% 11% 
Production facilities (t CO2-eq per 
day)  
3.03 3.46 3.93 4.74 16.12 19.02 21.73 25.99 24.6 43.34 49.62 57.38 34.64 56.32 65.19 79.96 
Relative deviation (reference α=0)   14% 30% 57%   18% 35% 61%   76% 102% 133%   63% 88% 131% 
Storage facilities (t CO2-eq per day)  0.63 0.83 1.06 0.95 3.5 4.58 5.88 5.25 8.03 10.51 13.49 12.04 11.79 15.43 19.81 17.69 
Relative deviation (reference α=0)   31% 68% 50%   31% 68% 50%   31% 68% 50%   31% 68% 50% 
Transportation modes (t CO2-eq per 
day)  
0 0 0 0 0 0 0 0 0 0.12 0 0.37 0.42 0.48 0.74 0.55 
Total GWP (t CO2-eq per day)  3.66 4.29 4.99 5.69 19.62 23.6 27.61 31.24 32.63 53.97 63.11 69.79 46.43 72.23 85.75 98.2 
Relative deviation (reference α=0)   17% 36% 55%   20% 41% 59%   65% 93% 114%   56% 85% 111% 
Kg CO2-eq per kg H2  4.11 4.12 4.18 4.21 3.95 4.09 4.18 4.19 2.86 4.08 4.16 4.08 2.77 3.72 3.85 3.91 
Relative deviation (reference α=0)   0% 2% 2%   4% 6% 6%   43% 45% 43%   34% 39% 41% 
 
a α=0 a α=0.16 a α=0.33 a α=0.50 
         
TABLE 6. 8 OPTIMAL HSCN CONFIGURATIONS OBTAINED FOR α=0, α=0.16, α=0.33 AND α=0.50 
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The same robustness assessment as proposed in Chapter 5 has thus been carried out. In order to 
check if an acceptable range for the criteria values can still be obtained even if the network is 
over-dimensioned for this demand level, a post-optimal analysis is then carried out using the 
given network and the lowest value of the demand (see Table 6.9). It can be highlighted that if the 
demand is not reached, the cost increase while CO2 emissions remain stable.  
TABLE 6.9 ROBUSTNESS ANALYSIS OF THE OPTIMAL CONFIGURATIONS BUT WITH DEMAND CORRESPONDING 
TO α =0. 
  α=0.33 α=0.66 α=1.00 
  2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050 
TDC (M$ per day) 23.84 45.64 66.43 80.96 25.71 54.01 80.25 95.61 27.42 58.69 87.75 102.61 
Relative deviation 
(reference α=0) 
4% 10% 9% 14% 12% 30% 31% 34% 20% 41% 43% 44% 
Unit cost ($ per kg 
H2) 
26.79 9.20 5.83 4.83 28.89 10.89 7.04 5.71 30.81 11.83 7.70 6.13 
Relative deviation  
(reference α=0) 
5% 10% 9% 14% 13% 30% 31% 34% 21% 41% 44% 44% 
GWP (T CO2 eq per 
day) 
3.66 19.71 32.78 46.51 3.68 19.68 32.71 46.43 3.67 19.75 32.75 46.65 
Relative deviation  
(reference α=0) 
0% 0% 0% 0% 1% 0% 0% 0% 0% 1% 0% 0% 
kg CO2 eq per kg H2 4.11 3.97 2.88 2.78 4.13 3.97 2.87 2.77 4.12 3.98 2.87 2.79 
Relative deviation  
(reference α=0) 
0% 1% 1% 0% 1% 0% 0% 0% 0% 1% 0% 1% 
6.4 CONCLUSION AND PERSPECTIVES  
A HSC model based on a multi-optimization framework has been adapted in this work for an 
airport ecosystem. The viability of the HSC has been analysed along different time periods. In the 
last period (2050) the cost and the CO2 emissions per kg of H2 reach the lowest values, mostly due 
to the maturity of the HSC. In the first period, the cost is still prohibitive due to HSC deployment 
(plants and storage units) and the subsequent low demand. 
The CO2 emissions are very low due to renewable source used, mainly hydropower, in this case. 
This type of energy is the less pollutant and also the cheapest, resulting in very similar solutions 
between periods.  
The application of the airport system is a very interesting hydrogen platform as it permits to 
introduce hydrogen to a strategic point not only considering aircraft utilization, but also 
considering the activities generated by the airport (eco-mobility, tourist interest, etc.). 
The conceptual project design described above may be replicated in other regions where there is a 
(air)port ecosystem.  This modelling approach can be useful to consider various ways to cluster 
multiple hydrogen users around an (air)port ecosystem, with cost sharing of hydrogen production 
and storage among users and to develop rollout strategies. 
Some perspectives can be also highlighted. For example, other parameters can be modelled under 
uncertainty, such as demand, costs or prices involved in the model. The TDC can be substituted 
by the use of discounted costs associated with each time period. The influence of other parameters 
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such as the safety stock period, new tube trailer capacities and the use of pipelines could also be 
evaluated in future case studies. 
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CHAPTER 7 
SOCIAL COST-BENEFIT ASSESSMENT OF HSC 
OPTIMAL DESIGN AND DEPLOYMENT 
SCENARIOS 
Abstract 
A lot of recent studies have concluded that hydrogen could gradually become a much more 
significant component of the European energy mix for mobility and stationary fuel cell system 
applications. Yet, the challenge of developing a future commercial hydrogen economy still remains 
through the deployment of a viable hydrogen supply chain (HSC) and an increasing fuel cell 
vehicle market share, which allow to narrow the existing cost difference regarding the conventional 
fossil fuel vehicle market. In this chapter, the market penetration of hydrogen fuel cell vehicles 
(FCV), as substitutes for internal combustion engine vehicles (ICEVs) has been evaluated from a 
social and a subsidy-policy perspective from 2020 to 2050. For this purpose, the best compromise 
HSCN configuration obtained through the application of the HSCN methodological framework 
presented in Chapter 5 has been assessed through a cost-benefit analysis (CBAs) to determine 
whether the hydrogen mobility deployment increases enough the social welfare. The case study of 
the former Midi-Pyrénées region in France supports the analysis. The SCBA approach for 
hydrogen deployment integrates societal benefits for the reduction of greenhouse gas emissions, 
noise air pollution abatement and social costs for the increase in platinum consumption in the 
manufacture of fuel cells. By including external costs, economic benefits of the replacement of ICEV 
by FCV were highlighted as well as the generation of positive social net present values. The SCBA 
has been applied to this case study: the results obtained under a pessimistic scenario (low demand) 
study suggests that the economic comparison converges in 2045 (social-economic scenario) or in 
2042 (subsidy-policy scenario) or in 2048 (economic scenario).  
Résumé 
De nombreuses études récentes ont conclu que l'hydrogène pourrait progressivement devenir une 
composante importante du mix énergétique européen pour les applications de mobilité et de 
systèmes de piles à combustible stationnaires. Cependant, le développement d'une future économie 
commerciale de l'hydrogène repose sur le déploiement d'une chaîne d'approvisionnement de 
l’hydrogène viable et sur une part croissante du marché des véhicules à pile à combustible, ce qui 
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permet de réduire la différence de coût existant entre les véhicules à pile à combustible et à essence. 
Dans ce chapitre, la pénétration du marché des véhicules à pile à hydrogène (FCV), en 
remplacement des véhicules à moteur à combustion interne (ICEV) a été évaluée d'un point de vue 
social et en jouant sur des subventions de 2020 à 2050. Pour cela, la meilleure configuration HSCN 
obtenue grâce à l'application du cadre méthodologique HSCN présenté dans le chapitre 5 a été 
évaluée à travers une analyse coûts-bénéfices (CBA) pour déterminer si le déploiement de la 
mobilité de l'hydrogène augmente suffisamment le bien-être social. L'étude de cas de l'ancienne 
région Midi-Pyrénées en France soutient l'analyse. L'approche SCBA pour le déploiement de 
l'hydrogène intègre les avantages sociétaux induits à travers la réduction des émissions de gaz à 
effet de serre, la réduction de la pollution atmosphérique mais aussi les coûts sociaux par 
l'augmentation de la consommation de platine dans la fabrication des piles à combustible. En 
incluant les coûts externes, les avantages économiques du remplacement de l'ICEV (véhicule à 
essence) par le véhicule FCV ont été soulignés. Pour l'étude de cas, cette étude suggère que la 
comparaison économique converge (point de dépassement de l’ICEV par le FCV) en 2045 (scénario 
socio-économique) ou en 2042 (scénario de politique de subvention) ou en 2048 (scénario 
économique).  
Keywords: Cost-benefit analysis, Hydrogen mobility, Fuel cell vehicles, Hydrogen supply chain.  
Acronyms 
APA Pollution abatement 
CBA Cost-benefit analysis 
CO Carbon monoxides 
FCEV Fuel cell electric vehicle 
FCV Fuel cell vehicle 
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GHG GreenHouse gas 
GWP Global Warming Potential 
HC Hydrocarbon 
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RC Running cost 
SMR Steam methane reforming 
SNPV Social net present value 
SCBA Social cost-benefit analysis 
TCO Total cost of ownership 
TOPSIS Technique for Order Preference by Similarity to Ideal Solution 
VAT Value added tax 
vkm Vehicle-kilometre 
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7.1 INTRODUCTION 
Hydrogen, the simplest element on earth, consisting of only one proton and one electron, can store 
and deliver usable energy. Since hydrogen does not typically exist by itself in nature , it must be 
produced from compounds that contain it (IEA, 2017). 
Hydrogen production and distribution have been developed for many years mainly for several 
industrial applications, i.e., in chemical and metallurgical uses, food industry, and space program 
(IEA, 2017). Hydrogen can also be used in fuel cells to generate power using a chemical reaction 
rather than combustion, producing only water and heat as by-products. These features make it 
really attractive for the automotive sector, which requires a clean and feasible substitute for 
current ICEVs that run with fossil fuels (IEA, 2015). Transport is actually one of the main 
contributors to energy consumption and, currently, the fastest growing source of greenhouse gas 
(GHG) emissions: in 2015, the transport sector contributed 25.8 % of total EU-28 greenhouse gas 
emissions. Hydrogen technologies, using hydrogen as a carrier of sustainably produced renewable 
energy, have been presented as promising solutions to rising levels of GHG emissions from 
transport, and at the same time hydrogen fuel cell technologies promise very low levels of noise 
and particle pollution from cars (IEA, 2017). Yet, a range of socio-cultural barriers to the 
implementation of hydrogen technologies in the transport sector needs yet to be overcome 
(Petersen and Andersen, 2009). 
First it must be emphasized that mobility attitudes of individuals cannot be considered as 
isolated choices of technically or environmentally efficient solutions and products since the 
deployment of a hydrogen economy for mobility applications involves several 
stakeholders (consumers, automotive manufacturers, hydrogen producers and distributors, filling 
station owners and policymakers…). Although the risks associated with a transport system based 
on the use of fossil fuels have been one of the driving forces behind the development of hydrogen 
technologies for transport, the hydrogen alternative is not considered without risk. For example, 
some concern has been expressed about the danger of explosion related to on-board storing of 
hydrogen for cars in high-pressure fuel tanks (Vieira et al., 2007). 
In that context, the deployment of hydrogen supply chains (HSCs) for a market penetration of 
FCVs has thus raised a lot of interest. A lot of studies have addressed  several issues related to 
HSC design and deployment (Agnolucci et al., 2013; Almansoori and Betancourt-Torcat, 2016; 
Almansoori and Shah, 2012; De-León Almaraz et al., 2014; Gondal and Sahir, 2013; Guillén-
Gosálbez et al., 2010; Han et al., 2013; Hugo et al., 2005; Kamarudin et al., 2009; Kim et al., 2008; 
Kim and Moon, 2008; Sabio et al., 2010; Samsatli et al., 2016; Woo et al., 2016) to find the most 
efficient HSC network taking into account several criteria, that are mainly based on techno-
economic consideration, such as the levelized hydrogen cost and environmental assessment 
mainly considering Global Warming Potential and, in a more systemic way, life cycle assessment 
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(Guillén-Gosálbez et al., 2010; Hugo et al., 2005) as well as risk (Almaraz et al., 2014; Han et al., 
2013; Kim and Moon, 2008; Sabio et al., 2010).  
Even if socio-cultural issues of technological development and energy transition are intertwined 
with the technological and economic aspects, socio-cultural criteria are often difficult to be 
quantified at earlier stage development so that they are scarcely integrated in design 
methodologies despite their importance. 
The social aspects of hydrogen usage have so far been addressed mainly either from a qualitative 
sustainable perspective or at a macroscopic scale in order to evaluate the social relevance of 
global scenarios. Firstly, several papers have been  focused on hydrogen, as the main actor to 
make the change to a more sustainable scenario regarding mobility and production of energy 
(Afgan et al., 2007; Chang et al., 2011; Hsu, 2013; Markert et al., 2016; Ren et al., 2013a, 2013b).  
Secondly,  some strategies have been assessed to narrow the gap towards a hydrogen economy 
(Keles et al., 2008; Moliner et al., 2016; Qadrdan et al., 2008). Other studies have  evaluated the 
potential of a hydrogen economy, compared to other sustainable alternatives, and its acceptance 
in the future (Ball and Weeda, 2015; Ricci et al., 2008; Sgobbi et al., 2016).  
For policy making and large-scale studies on emission reduction, cost-benefit analysis (CBA) and 
in particular social cost-benefit analysis (SCBA) referring to cases where the project has a broad impact 
across society has received much attention over the last 20 years, requiring that the benefits are 
expressed in monetary units. A social cost-benefit analysis (CBA) for hydrogen market 
penetration has been investigated in two significant works : (i) the progressive replacement of 
gasoline ICEV by hydrogen FCV in the European market over the period 2015-2055 is assessed in 
(Cantuarias-Villessuzanne et al., 2016) and in the German market over the period 2015-2050 
including the definition of the abatement cost for the hydrogen technology (Creti et al., 2015). 
Both studies provide a comprehensive support scheme that bridges the gap between three main 
dimensions (i) market requirements with reduced cost of cars and hydrogen fuelling stations (2) 
sustainability and climate requirements, and (3) hydrogen technology development (Cantuarias-
Villessuzanne et al., 2016) targeting to lower or replace the use of noble materials like platinum 
in fuel cells and electrolysers.  
Despite the benefits behind green hydrogen, policy initiatives that help reduce its cost and 
remove market barriers need to be set up as highlighted in (Creti et al., 2015). 
Given the challenges of the hydrogen market for mobility, this work presents a social and a 
governmental CBA framework to assess the progressive replacement of ICEVs by hydrogen FCVs 
in the French market of Midi-Pyrénées over the period from 2020 to 2050, supported by the multi-
objective optimization framework for HSC design and deployment proposed in the previous 
chapters. This study estimates the costs and benefits of the penetration of FCEV in the former 
Midi-Pyrénées region. 
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7.2 METHODS AND TOOLS 
7.2.1 SOCIAL COST-BENEFIT ANALYSIS (SCBA) 
The methodological framework is based on the SCBA proposed by (Cantuarias-Villessuzanne et 
al., 2016) that also extended the CBA approach conducted by (Creti et al., 2015) . The interest of 
using SCBA is to include external costs in order to consider the costs and benefits to society as a 
whole (Cantuarias-Villessuzanne et al., 2016): costs and benefits will be considered from a broad, 
societal perspective as opposed to the « narrow » perspective of individual investors in greenhouse 
gas reduction activities. The study presented in by (Creti et al., 2015) was applied to the German 
considering the abatement cost of carbon through FCV and various hydrogen production 
processes while the external costs related to  platinum depletion were also included in 
(Cantuarias-Villessuzanne et al., 2016). 
The societal perspective can be the applied to a country, a region, e.g. the European Union, or the 
world. This work sets out to consider the perspective of the former region « Midi-Pyrénées » for 
which the HSC deployment has already been studied before the new region segmentation in 
France in 2016.  
In order to assess the value of a project, a baseline scenario is required: in this case, the baseline 
scenario considers that petrol ICEVs would be the dominant form of vehicles in the future.   
In addition, for performing social cost-benefit analysis of a long-lasting project, several crucial 
aspects should be addressed:  
(i) First, benefits and costs at different dates should be aggregated. For this purpose, a specific 
discount rate is used to find the present values of future benefits and costs generated. A social 
discount rate - i.e. a rate of discount appropriate for social cost-benefit analysis of a project - 
needs to be applied instead of any financial discount rate that is only relevant to the project 
promoters;  
(ii) Second, external effects need to be identified and their social value assessed to the maximum 
extent feasible: a price per period must be assigned to each externality.  
(iii) Financial (market) prices may be corrected for project promotion: indirect subsidies need to be 
added and indirect taxation subtracted (see Section 7.2.2). 
(iv) At last, the net present value (NPV) is the sum of the discounted differences between benefits 
and costs and is referred as the indicator of the viability of the project. The project should be 
accepted if the NPV is positive (Creti et al., 2015). The NPV is calculated with the equation 1: 
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 (7.1) 
where n is the project duration, i is the discount rate.   
NPV will be referred to NPVCBA and NPVSCBA when respectively a cost-benefit (or a social cost-
benefit) assessment is implemented. 
NV will be referred to the differences between benefits and costs (without actualization). 
7.2.2 IMPACT OF SUBSIDY POLICIES ON HYDROGEN DEPLOYMENT 
The abovementioned discussion has emphasized that the market penetration of fuel cell vehicles 
(FCVs) involves different stakeholders. According to the dedicated literature, most economic 
models describing the introduction of hydrogen-powered vehicles have only focused on one 
segment of the car market. One significant contribution is the work proposed by (Keles et al., 
2008) in which the market penetration of fuel cell vehicles has been modelled taking into account 
the various stakeholders involved, showing that the combination of tax-free hydrogen fuel, 
subsidies on FCVs and sufficient hydrogen infrastructure supply could lead to quick market 
penetration of FCVs. 
Following the guidelines proposed by (Keles et al., 2008), the impact of subsidy policies will also 
be considered in the social CBA addressed in this work based on the work reported in 
(Cantuarias-Villessuzanne et al., 2016). 
7.2.3 METHODOLOGICAL GUIDELINES 
7.2.3.1 GENERAL ASSUMPTIONS 
The CBA methodology is composed of three steps: (i) economic assessment (ii) estimation of 
externalities and (iii) strategy assessment of social/subsidy-policies. The externalities considered 
involve CO2 abatement, platinum depletion, air pollutant abatement and noise abatement.  
The main difference with previous hydrogen mobility CBA studies (Cantuarias-Villessuzanne et 
al., 2016; Creti et al., 2015) lies in the nature of the hydrogen supply features. While they use 
their own prospective scenarios to predict the hydrogen production mix, costs or CO2 emissions, 
this study is based on the optimal HSC configuration for Midi-Pyrénées that has been selected in 
chapter 5 to support the hydrogen mobility (Figure 7.1). 
The introduction of FCVs is compared to a business-as-usual scenario considering existing petrol 
ICEVs. Nonetheless, this work will only consider passenger vehicles, accounting for almost 90% of 
the existing vehicles in Europe, and over 60% of the CO2 emissions from transport mobility 
(International Council on Clean Transportation, 2016). 
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 FIGURE 7.1 GENERAL METHODOLOGY  
The main assumptions used to calculate and quantify all the parameters involved in this study 
are as follows: 
• the number of FCVs (market size) and the hydrogen demand are based on market 
penetration assessment from (De-León Almaraz et al., 2014), 
`H Jm = $^¡#{	A#&#{¡^{%& × Z{^¢	&P.#¡	5	~#ℎ%'¢#>  (7.2) 
• HSC optimization framework:   
The HSC configuration corresponds to the compromise solution obtained in Chapter 5 from the 
successive implementation of the multi-objective optimization procedure and the MCDM 
technique. (see Table 7.1). 
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TABLE 7.1 HSC CONFIGURATION 
  
 
Year 2020 2030 2040 2050 
Demand (t per day) 7.90 59.43 138.79 198.17 
Number of total production facilities 25 62 92 110 
Number of total storage facilities 12 66 150 214 
Number of transport units 0 0 0 0 
Capital cost 
    
Plants and storage facilities (106 $) 304.47 401.53 263.71 43.44 
Transportation modes  (106 $)         0 0 0 0 
Operating cost 
    
Plants and storage facilities (103 $ per day) 43.44 307.15 708.68 1013.16 
Transportation modes (103 $ per day)          0 0 0 0 
Total daily cost (103 $ per day) 80.12 489.34 1036.96 1446.56 
Cost per kg H2 ($) 10.14 8.23 7.47 7.30 
Production facilities (t CO2-eq per day)  8.27 61.35 142.51 201.91 
Storage facilities (t CO2-eq per day)  5.56 41.84 97.71 139.51 
Transportation modes (t CO2-eq per day)  0 0 0 0 
Total GWP (t CO2-eq per day)  13.73 103.18 240.22 341.42 
Kg CO2-eq per kg H2  1.74 1.74 1.73 1.72 
Production facility risk 7.20 9.00 12.45 20.55 
Storage facility risk 20.7 118.8 272.7 387.0 
Transportation modes risk 0 0 0 0 
Total Risk 27.90 127.80 285.15 407.55 
 
It must be highlighted that the results do not include the installation of HRS and the economic 
and environmental analysis of the use of the FCV vehicles. For that, the CBA analysis can be 
viewed as a complementary assessment. 
• the average distance per vehicle is 14,000 km/year (ACEA, 2009), 
• the lifetime of a vehicle is set at 10 years (Creti et al., 2015), 
• the investment of HRS begins in 2017, 
• FCV vehicles enter the market in 2020, 
• four sizes of HRS are considered: 80, 200, 400 and 1000kg/day (Creti et al., 2015), 
• the lifetime of a HRS is fixed at 15 years (Creti et al., 2015), 
• a discount rate of 5% is considered (Cantuarias-Villessuzanne et al., 2016), 
• there is no profit marge in the hydrogen price, 
• the hydrogen demand, the production mix, the production CO2 emissions and the 
production costs are obtained from (Ochoa Robles et al., 2016), 
• the maintenance costs (MC) considered are 8% and 10% of the capital costs, for FCVs and 
petrol ICEVs respectively and are constant over the time period (Creti et al., 2015), 
• A total of 2.3 million car journeys per day in Toulouse, each one of 7 km was considered 
(Thomas, 2017). The total vehicle distance per year is 5,876,500 (1000 vkm (vehicle-
kilometre)). 
• According to (“Toulouse Population 2018,” 2017), 80% of Toulouse population is urban and  
20% suburban. In the same way, as the distance travelled during the day is longer than 
during the night, a 0.85-0.15 ratio has been adopted, 
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• A marginal noise cost of 8.8 and 21.4 € per 1000 vkm, for a dense and light traffic 
respectively, is considered during the day. During the night, a cost of 38.9 and 17.7 € per 
1000 vkm, for a dense and light traffic respectively, is considered (Ricardo-AEA, 2014). A 
ratio of 0.5-0.5 for the type of traffic has been adopted, 
• The noise reduction for using a EV instead an ICEV is 12.30% (Iversen, 2015). The noise 
abatement cost is 1.70 € per 1000 vkm (Table 7.2), 
TABLE 7.2 NOISE ABATEMENT COST 
Mode 
Time of 
the day 
Urban 
(€ per 1.000 vkm) 
Suburban 
(€ per 1.000 vkm) 
Toulouse Metropolitan 
(€ per 1.000 vkm) 
Car 
Day 15.10 0.95 12.27 
Night 27.50 1.70 22.34 
  
  13.78 
   
Noise abatement cost 1.70 
 
• the NOx (nitrogen oxides), CO (carbon monoxides) and HC (hydrocarbon) emissions for 
ICEV, and their associated cost are based on (Song, 2016) (Table 7.3). The FCVs are 
considered as zero-emissions, 
TABLE 7.3 AIR POLLUTANT ASSUMPTIONS 
ICEV emissions 
(g/km) 
 Unitary 
Cost (€/t) 
NOx 0.06 8,419.85 
CO 1.00 2,185.93 
HC 0.10 3,322.31 
 
• Some assumptions concerning the number of FCVs, the cost and number of HRS, the FCV 
and ICEV purchasing costs and other information are presented in Table 7.4. 
In the case of the subsidy-policy framework, the main assumptions have been based on the 
estimations performed in (Keles et al., 2008) for the German market (44.4M passenger cars 
(Bekker, 2016), adjusting the parameters to the Midi-Pyrénées (1.58M passenger cars (De León 
Almaraz, 2014)): 
• 17 subsidized HRSs are implemented before FCV market penetration in 2017 with a 
combined hydrogen supplying capacity of 2,133 tonnes/year. The initial investment for the 
deployment of the HRS is of 31.5M€, in order to satisfy the required supply capacity 
(Table 7.5). An 8-year depreciation period is considered for HRS, (depreciation of 3.94 
M€/year). 
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TABLE 7.4 GENERAL MAIN ASSUMPTIONS 
2020 2030 2040 2050 
FCV efficiency 
(Cantuarias-
Villessuzanne et al., 
2016) kg/100km 
0.87 0.8 0.7529 0.7 
Market penetration (De 
León Almaraz, 2014) 
1% 8% 18% 25% 
Number of vehicles 31565 236744 552403 789148 
Hydrogen demand kg/year 3,844,617 26,515,328 58,226,591 77,336,504 
ICEV efficiency 
(Cantuarias-
Villessuzanne et al., 
2016) l/100km 
6.20 4.88 4.83 4.80 
Average carbon price 
(id) €/ton CO2 
40 90 130 155 
HRS 
types 
(Capital 
cost) 
(Creti et 
al., 2015) 
80 kg/d 
k€ 
1000 872 822 783 
200 kg/d 1000 872 822 783 
400 kg/d 1732 1418 1312 1235 
1000 kg/d 3,000 2,301 2,121 1,984 
HRS 
types 
(Units) 
80 kg/d 
k€ 
0 0 0 0 
200 kg/d  9 58 31 0 
400 kg/d 7 44 107 75 
1000 kg/d 6 44 111 182 
FCV purchasing cost  
(20% VAT not included) 
(Cantuarias-
Villessuzanne et al., 
2016) k€ 
37.90 28.90 25.41 23.10 
ICEV purchasing cost 
(20% VAT not included) 
(id) k€ 
21.40 21.10 20.80 20.50 
Gasoline price (wo VAT) 
(id) €/l 
1.35 1.46 1.58 1.71 
ICEV running cost (id) €/km 0.100 0.085 0.092 0.098 
ICEV CO2 emissions (id) kgCO2/100 km 17.4 13.7 13.6 13.5 
FCV Platinum (id) g/vehicle 35.00 18.70 12.96 10.00 
ICEV Platinum (id) g/vehicle 5.60 5.60 5.60 5.60 
Platinum Cost (id) €/g 19.44 19.44 19.44 19.44 
FCV Distance travelled km 4,419,100 33,144,160 77,336,420 110,924,417 
Total FCV distance per 
year 1000 vkm 
117,527 881,474 2,056,773 2,938,250 
 
TABLE 7.5  INITIAL HRS INVESTMENT 
HRS type Number of HRS Initial Investment (M€) 
80 kg/d 0 0.0 
200 kg/d 9 13.5 
400 kg/d 6 12.0 
1000 kg/d 2 6.0 
31.5 
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• the HRS operational and maintenance costs represent 10% (of the capital cost) in 2020 
and decrease until 9% in 2025, 
• a margin of gain of 2€ is considered for the initial HRS,  
• subsidies for FCVs equal the cost difference between FCVs and petrol ICEVs, minus 
2,000€. Consumers are willing to pay 2,000€ more for the ”clean” technology (Keles et al., 
2008), 
• the sale of FCVs is not taxed until 16,667 vehicles have been sold. Subsequently, the 
vehicle tax level is raised, following a linear growth curve, to reach 20% VAT until 33,333 
FCVs are sold (Figure 7.2),  
• hydrogen fuel is completely tax-free until the FCV market represents 16,667 cars. the 
same assumption as the one used for FCV is used (Figure 7.2).  
 
FIGURE 7.2 CONSIDERATION OF TAXES FOR FCVS AND HYDROGEN FUEL 
7.2.3.2 TOTAL COST OF OWNERSHIP 
The economic comparison for the social framework is evaluated by the Total Cost of Ownership 
(TCO) method, presented in (Creti et al., 2015). The TCO of replacing petrol ICEVs by FCVs 
considers the costs over the lifetime of a vehicle, including purchase price (the sum of all costs to 
deliver the assembled vehicle to the customer), maintenance cost, running cost and HRS 
infrastructure cost. This economic comparison is the difference between buying a FCV, including 
the infrastructure needed, and the conventional case of buying a petrol ICEV (Cantuarias-
Villessuzanne et al., 2016).  
The TCO is given by the variation of cost of ownership of the vehicle (FCV vs petrol ICEV) for 
purchase price (PP), maintenance cost (MC) and running cost (RC), plus the investment on HRS 
infrastructure (HRSI) per unit of car in the market, as shown in equation 7.3. 
∆Zz = ∆aazCop − `E + ∆$zCop − `E + ∆GzCop − `E + G=oz (7.3) 
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∀	{ ∈ 2020…2050 
The purchase price (PP) has been distributed among the different years included in the lifetime of 
the vehicles. The running cost (RC) depends on fuel consumption, using the results obtained in 
Table 7.1. 
The NPVTCO is obtained by the product of ∆Zz  and the number of FCVs in each period, as 
shown in equation 7.4.   
Equation 7.5 and 7.6 present how to obtain the SNPV and the NPVsubsidies for the social-economic 
framework and the subsidy-policy framework, respectively. The externalities will be explained in 
the section 7.3.3.  
va	 =u 1(1 + %)z (∆Zz × `H Jm)
H
z

 (7.4) 
=va =u 1(1 + %)z −(∆Zz × `H Jm) + v	£	zmJmHz
H
z

− vKzBH J	¤mKmzB¥H + vB	K¥ zB¥H	zmJmHz
+ vH¥Bxm	zmJmHz 
(7.5) 
vax xB¤Bmx =u 1(1 + %)z (−v=.>%)%#)	G= − v xB¤Bmx		¦x + vymx		¦x
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− vZ^(#>	2) + v	£	zmJmHz −vKzBH J	¤mKmzB¥H
+ vB	K¥ zB¥H	zmJmHz + vH¥Bxm	zmJmHz 
(7.6) 
where:  
v xB¤B§m¤	¨© = oo+o + (oo × $) − r}2020 × $t (7.7) 
v xB¤Bmx		¦xª = `KB«mª − `KB¤ª  (7.8) 
vymx		¦x = `H Jmª × (+Z¬	¦ª − +Z	¦ª) (7.9) 
vymx	¨£ = ­` Hzym¤` × }2020 × ® (7.10) 
where : 
II is the initial investment for the HRS (31.5 M€) 
AI is the amortization of the investment of the HRS (8 years) 
M is the maintenance cost in percentage of the II (from 10% to 9%) 
Q2020 is the quantity of hydrogen consumed by the FCVs in 2020 (2133 tonnes/year) 
MG is the margin gain by each kg of H2 (2 €/kg) 
FCVprice is the price of each FCV with VAT 
FCVpaid is is the price of each FCV with VAT plus 2000€ 
FCVnumber is the number of FCVs 
VATICV is the VAT of the ICV 
VATFCV is the VAT of the FCV 
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FCVuntaxed is the number of FCVs untaxed (16667 FCVs) 
FCV2020 is the number of FCVs in 2020 (31565) 
C2020 is the cost of a kg of H2 in 2020 (5.78 €/kg) 
7.3 RESULTS AND DISCUSSION 
7.3.1 ECONOMIC FRAMEWORK 
TCO is then evaluated, decreasing from 4.26 k€ in 2020 to -0.11 k€ in 2050. FCVs become cost 
competitive with petrol ICEVs in 2048 (Figure 7.4). 
The social economic comparison shows that the introduction of hydrogen-based transport through 
the period from 2020 to 2050, would generate) of added NPV-costs, compared to the baseline 
scenario (Table 7.6). 
TABLE 7.6  ECONOMIC COMPARISON 
 
2020 2030 2040 2050 
∆ HRSI infrastructure 
€ in 
year/vehicle 
-1239.47 -183.42 -116.09 -100.64 
∆ Purchase price -1980.00 -936.00 -552.00 -312.00 
∆ Maintenance cost -892.00 -202.00 48.00 202.00 
∆ Running cost -146.86 15.57 166.41 320.00 
∆ TCO  
€ in 
year/vehicle  
-4,258  -1,306  -454  
109 
NVTCO M€ in year -134.41 -375.85 -334.73 19.12 
NPVTCO M€ -116.11 -199.32 -108.98 3.82 
7.3.2 SUBSIDY-POLICY FRAMEWORK 
Incentives to subsidize both HRS and FCV that help stimulate adoption of fuel cell and hydrogen 
technologies have been considered (Table 7.7): subsidy for HRS, FCV, tax alleviation of hydrogen 
tax and of FCV purchase (see the aforementioned assumptions). 
It must be also emphasized that the levelized cost has been taken into account as fuel cost thus 
assuming. The equations used to obtain the subsidy-policies NVA are shown in section 7.2.3.2.  
TABLE 7.7 NET PRESENT ECONOMIC VALUES FOR THE SUBSIDY-POLICY FRAMEWORK 
2020 2030 2040 2050 
NPV Subsidized HRS 
M€ 
-2.43 0 0 0 
NPV Subsidies for FCVs -474.44 -222.13 -92.77 -15.26 
NPV Taxes on FCV purchase -59.04 12.76 11.89 8.48 
NPV Taxes on hydrogen -10.14 0 0 0 
7.3.3 EXTERNALITIES 
The externalities are those third-party effects caused by the hydrogen mobility usage, which are 
not accounted directly as a monetary cost or benefit. Nevertheless, these effects are the main 
reason why hydrogen mobility is being promoted.  
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7.3.3.1 CO2 ABATEMENT 
A comparison at a CO2 emission level between FCVs and petrol ICEVs is performed. Regarding 
the FCVs, the CO2 emissions are only presented during the production, storage and 
transportation of hydrogen. The values have been obtained from the results from the optimization 
study. Regarding the petrol ICEVs, only the emissions generated during the combustion process 
have been considered. Yet, there are other processes as the petroleum extraction or the petrol 
production and transportation which also are responsible for some CO2 emissions. 
Besides, the future carbon prices in EU-28 will be used to calculate the CO2 abatement value. The 
equation used to obtain the CO2 abatement is given by the difference of the emissions between 
FCEV and ICEV and the price of CO2 (in €/ton CO2). For the case of the FCEV emissions, the 
values shown in Table 7.1 are used by multiplying the CO2 emissions and the total of hydrogen 
used (Eq. 7.11).  
^.^{#P#&{z = (∆pP%>>%&>z)('>{z)     (7.11) 
To obtain the CO2 abatement, an average of the future carbon prices in EU-28 has been used. The 
results show the cumulated CO2 abatement benefits through the different periods of study (Table 
7.8). The presence of FCVs contributes to a reduction of 21x109 kgCO2 through the period from 
2020 to 2050. Moreover, this reduction represents an external social benefit of 42.22 M€ (2017) in 
2050.  
TABLE 7.8 CO2 ABATEMENT RESULTS 
 
2020 2030 2040 2050 
Total FCVs Emissions 103 ton CO2 6.68 46.08 101.19 134.41 
Total ICEVs Emissions 103 ton CO2 77.33 451.81 1,051.77 1,497.47 
∆ Emissions 103 ton CO2 70.65 405.73 950.57 1363.06 
Average CO2 price €/ton CO2 40 90 130 155 
NV CO2 abatement M€ in year 2.82 36.51 123.57 211.27 
NPV CO2 abatement M€ 2.44 19.36 40.23 42.22 
7.3.3.2 PLATINUM DEPLETION  
Expensive and insufficient platinum supply could be expected to be a barrier to widespread 
commercialization of hydrogen FCVs. According to (Cantuarias-Villessuzanne et al., 2016), the 
required platinum amount at a European level could reach nearly 600 metric tons by 2050, which 
is three times the current platinum supply. Thus, its scarcity will be calculated by measuring 
platinum depletion. 
The mineral depletion is the change in stock value of the mineral resources and is commonly 
evaluated by the net price method (the market price minus the marginal extraction cost). 
According to (Cantuarias-Villessuzanne et al., 2016) , each gram of platinum extracted is 
depleting at 19.44 € (2015). This value is considered as constant over the studied period. 
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Currently, on the one hand, an FCV contains approximately from 30 to 40 g of platinum and a 
progressive reduction of platinum use down to 10-15 g in 2050 is expected to occur (Calle-Vallejo 
et al., 2015). As the fuel cell technology applied to vehicles is quite new, the required amount of 
platinum is expected to decrease due to technology improvement over the first years and stabilize 
progressively afterwards.  
On the other hand, petrol ICEVs consumes 5.6 g of platinum per vehicle and, given the maturity 
of the technology involved, this quantity is expected to remain stable during the analysed period.  
The platinum depletion (PD) can be expressed as follows:  
a[z = `z(∆A¢^{%&Pz)('>{KzBH Jz)      (7.12) 
where (FCVt) is the number of FCVs each year, (∆platinum) is the discrepancy between the 
platinum amount used in FCVs and ICEVs and (costplatinum) is the cost per gram of platinum.  
Table 7.9 presents the results regarding the platinum depletion cost and cumulative present 
value of the platinum depletion costs over time. The presence of FCVs generates an external 
social cost, due to platinum scarcity, of 1.81 M€ (2017) through the period from 2020 to 2050.  
TABLE 7.9 PLATINUM DEPLETION RESULTS 
 
2020 2030 2040 2050 
∆ Platinum depletion M€ in year -18.04 -15.33 -13.07 -9.07 
NPV platinum depletion M€ -15.58 -8.13 -4.25 -1.81 
7.3.3.3 AIR POLLUTANT ABATEMENT 
Air pollution has important impacts on human health, as well as on the natural and built 
environments. Through the damage cost methodology, it is possible to predict the impacts of 
changes in air pollution. These damage costs measure the marginal external costs or benefits 
caused by each additional tonne of pollutant emitted or avoided and can be used to value the 
benefits of air quality impacts of certain policies or projects when the only information available 
is the amount (in tonnes) of pollutant that is reduced. 
The air pollution abatement caused by the deployment of hydrogen takes into account the 
emissions of petrol vehicles and FCVs (zero-emissions).  
The air pollution abatement (APA) is based in (Song, 2016),  and is given by the sum of the 
abatements of NOx, CO and HC, multiplied by distance travelled by the FCVs (Eq. 7.13). 
+a+z = (`)%>{^&'#)C(∆v(z)('>{v(z) + (∆z)('>{z) + (∆z)('>{z)E (7.13) 
Table 7.10 presents the temporal evolution of pollution abatement benefits. The introduction of 
FCVs involves a significant reduction of air pollution from 2020 to 2050. This reduction 
represents an external social benefit of 5.19 M€ (2017) in 2050.  
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TABLE 7.10 AIR POLLUTION ABATEMENT RESULTS 
2020 2030 2040 2050 
∆ NOx emissions  t NOx 26.51 156.53 361.64 515.79 
NOx abatement M€ 0.22 1.31 3.04 4.34 
∆ CO emissions  t CO 441.91 2608.87 6027.25 8596.46 
CO abatement M€ 0.96 5.70 13.17 18.79 
∆ HC emissions  t HC 44.19 260.89 602.73 859.65 
HC abatement M€ in year 0.14 0.86 2.00 2.85 
NV Air pollution abatement M€ in year 1.33 7.88 18.22 25.99 
NPV air pollution abatement M€ 1.15 4.18 5.93 5.19 
7.3.3.4 NOISE ABATEMENT 
The noise emissions generated by road traffic have not been very widely tackled in the CBA 
literature despite its environmental concern. Noise exposure is not only a disutility in the sense 
that it disturbs people, it can also result in health impairments and a loss of productivity and 
leisure. The reason the problem is growing is a combined effect from greater urbanisation and an 
increase in traffic volume. Whereas the increase in traffic volume means higher noise levels, the 
urbanisation has led to more individuals being exposed to traffic noise (Ricardo-AEA, 2014). 
According to this report, several studies have treated this problem by analysing and quantifying 
the exposure to high noise levels and its consequences.  
(Ricardo-AEA, 2014) quantifies economically the external cost of road mobility considering the 
different modes of transport, the time of the day, the traffic type and the region (urban, suburban 
and rural). Annoyance (reflecting the disturbance which individuals experience when exposed to 
traffic noise) and health impacts (related to the long-term exposure to noise, mainly stress related 
health effects like hypertension and myocardial infarction) are the two major impacts usually 
considered when assessing noise impacts.  
In the case of fuel cells, as they use no combustion or moving parts, they are quieter than internal 
combustion engines. FCVs almost entirely eliminate engine noise, and the relatively high-pitched 
noise electric motors do emit does not propagate that far. Moreover, car horns and sirens could 
also be made quieter, because they would not have noisy engines. Nonetheless, basic traffic noise 
is a combination of engine, tire, wind passage and road-noise (different surfaces have different 
noise characteristics).  
The noise abatement (NA) is given by the FCV market share (%market), the distance travelled by 
the FCVs (FCVdistance) and the noise cost in € per 1.000 vkm (Eq. 7.14). 
v+z = (%P^¡#{z)(`)%>{^&'#z)(>{H¥Bxm)     (7.14) 
The benefits obtained from the noise abatement due to the introduction of hydrogen FCVs are 
shown in Table 7.11. These results are the cumulative noise abatement benefits over the different 
periods studied, considering the annual FCV market share. 
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TABLE 7.11 NOISE ABATEMENT RESULTS 
 
2020 2030 2040 2050 
NV Noise abatement M€ in year 0.19 1.49  3.48  4.98 
NPV noise abatement M€ 0.17  0.79  1.13  0.99 
 
These results show that the noise abatement has a relevant impact in the overall social analysis, 
being of a similar order of magnitude as the platinum depletion and air pollution. Its external 
social benefits are of 0.99 M€ (2017) in 2050.  
7.3.3.5 SUMMARY OF EXTERNALITIES 
A summary of the external costs and benefits, and their temporal evolution is shown in Figure 
7.3.  
The CO2 abatement dominates extensively the other externalities. On the other hand, platinum is 
the second largest externality but, in this case, reducing the benefits obtained by the CO2 
abatement. Nevertheless, the positive externalities from air pollution and noise abatement almost 
reach to compensate the negative costs caused by platinum depletion.  
With these results, it is clear that the introduction of hydrogen mobility in Midi-Pyrénées, 
supported with an efficient deployment of the HSC, would generate social benefits. Nonetheless, 
these global benefits obtained from the externalities will have to be compared to the economic 
costs and the subsidy policies. 
 
FIGURE 7.3 TEMPORAL EVOLUTION OF MONETARY COST OF EXTERNALITIES  
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7.4 SOCIAL COMPARISON 
In this section, the results of the social framework will be presented. The social net-present value 
method is used, where all the costs and benefits will be updated to the base year (2017).  
7.4.1 SOCIAL NET PRESENT VALUE 
Table 7.12 shows the cumulated social NPV through the different periods of study. 
TABLE 7.12 SOCIAL NPV RESULTS 
      2020 2030 2040 2050 
NPV econ. comp. TCO M€/year -116.11 -199.32 -108.98 3.82 
NPV 
externalities 
CO2 abatement 
M€/year 
2.44 19.36 40.23 42.22 
Platinum depletion -15.58 -8.30 -4.25 -1.81 
Air pollution abatement 1.15 4.18 5.93 5.19 
Noise abatement 0.17 0.79 1.13 0.99 
SNPV M€/year -127.92 -183.11 -65.93 50.42 
 
The analysis of SNPVshows that the expenses from the economic comparison and the platinum 
depletion are compensated by the benefits of the other externalities in 2050 (50.42 M€ (2017)).   
7.4.2 YEAR OF SOCIAL CONVERSION 
Figure 7.4 shows the evolution of the NPVSCBA over time. The so-called year of social conversion 
(see (Cantuarias-Villessuzanne et al., 2016)) for which FCVs outperform IECVs is equal to 2045. 
This value corresponds to the relative payback period between FCVs IECVs, meaning that the 
project starts generating enough social profits to compensate the costs from 2045.  
 
FIGURE 7.4 EVOLUTION OF THE YEAR OF SOCIAL CONVERSION 
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7.4.3 NET PRESENT VALUE WITH SUBSIDY POLICY 
The results of the subsidy policies NPV are shown in Table 7.13.   
TABLE 7.13 NPVSCBA WITH SUBSIDY POLICIES 
   
  2020 2030 2040 2050 
NPV subsidy 
policies 
Subsidy for HRS 
M€/year 
-10.80 0.00 0.00 0.00 
Subsidy for FCVs -474.45 -222.13 -92.77 -15.26 
Taxes on FCV purchase -59.05 12.77 11.89 8.48 
Taxes on hydrogen -10.14 0.00 0.00 0.00 
NPV 
externalities 
CO2 abatement M€/year 2.44 19.36 40.23 42.22 
Platinum depletion 
 
-15.58 -8.30 -4.25 -1.81 
Air pollution abatement 0.96 1.15 4.18 5.93 
Noise abatement   0.17 0.79 1.13 0.99 
NPVSCBA with subsidy policies M€ -566.24 -193.15 -37.83 39.82 
 
The expenses related to subsidies and the platinum depletion are balanced by the other 
externalities. A benefit of 39.82 M€ (2017) is generated over the period from 2020 to 2050. 
7.4.4 YEAR OF SUBSIDY POLICIES CONVERSION 
With this framework, the evolution of the benefits vs costs difference per year starts from a very 
negative deficit in 2020 (under -550 M€) due to the purchase of FCV supported by the subsidies.  
Also, as a 10-year average life time for FCVs is ten years, a negative peak due to FCV fleet 
renewal from 2030. The year of conversion is in 2042 (Figure 7.5). 
 
FIGURE 7.5 EVOLUTION OF THE YEAR OF GOVERNMENTAL CONVERSION 
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7.5 CONCLUSIONS  
This study has developed a SCBA approach for hydrogen deployment and integrates societal 
benefits for the reduction of greenhouse gas emissions, noise air pollution abatement and social 
costs for the increase in platinum consumption in the manufacture of fuel cells. By including 
external costs, economic benefits of the replacement of ICEV by FCV were highlighted as well as 
the generation of positive social net present values.  
The SCBA framework also encompasses a subsidy/tax framework taking into account subsidies 
for HRS and FCV. 
It has been embedded into the general HSC design framework presented in the previous chapters. 
The SCBA approach broadens the HSC scope by extending the frontiers of the studied system, 
targeting hydrogen fuelling infrastructure networks (installation and operation) as well as the 
deployment of FCV fleet. For that, the CBA approach the initial analysis to the whole HSC: from 
energy sources for hydrogen production of hydrogen to the end-user of hydrogen via FCV. 
The SCBA approach is particularly interesting to aggregate in one single indicator the various 
viewpoint of the different actors that will have to be involved in the hydrogen transition, via 
externalities and subsidy policies.   
This study suggests that the economic comparison converges in 2045 (social-economic scenario) or 
in 2042 (subsidy-policy scenario) or in 2048 (economic scenario). At this point in time the FCV and 
ICEV will have the same lifetime cost.  
A sensitivity analysis was performed increasing the gasoline price in 20%, converging the 
economic comparison in 2046 (economic scenario) or in 2043 (social-economic scenario). The small 
difference between the original and the increased-price cases can be explained by the scale were 
the analyse is performed. 
Other externalities as hydrogen risks, supply stability/reliability, energy independence, 
employment effects, could also be quantified and added to the SCBA framework. The geographical 
scope could also be widened to the whole country of France to have a national point of view, and 
other types of vehicles could be incorporated to evaluate the impact of hydrogen mobility. 
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CHAPTER 8 
GENERAL CONCLUSIONS AND PERSPECTIVES 
Hydrogen produced from renewable sources and used in fuel cells both for mobile and stationary 
applications constitutes a very promising energy carrier in the future energy landscape.  
Some strategic roadmaps have been published about the potential of hydrogen at continental, 
national and regional levels to switch towards a transition to a clean, low-carbon energy system. 
Their main objective is to evaluate some industrial, technological, environmental and social 
issues and to identify the main obstacles that must be overcome. These roadmaps are particularly 
useful to accelerate the deployment of hydrogen technologies, with the support of policymakers, 
researchers, the private sector and society: according to these studies, if many of the required 
technologies are already available today, the deployment of hydrogen infrastructures constitutes 
the challenging task for the development of a « hydrogen » economy, so as to achieve competitive 
costs and mass market acceptance.  
8.1 CORE SCIENTIFIC QUESTION 
The main objective of this work was to propose a methodological framework (Figure 8. 1) to tackle 
the Hydrogen Supply Chain (HSC) design problem in a complementary manner to the research 
proposed in the PhD work of (Sofia de Leon Almaraz, 2014) expanding the scope of methodologies 
used in HSC design so the aforementioned barriers could be overcome.  
In the same vein, the scientific aim was to develop a generic framework that can take into 
account the design of a HSC for fuel use in the time horizon 2020-2050 considering various 
geographic scales with many energy sources and that can embed the various production and 
storage technologies while considering the transportation modes to link hydrogen demand to its 
supply. 
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Most works devoted to HSC modelling have involved mathematical programming approaches and 
are generally limited to mono-objective (cost minimization) or bi-criteria assessment, generally 
based on either cost-environment or cost-safety. This is not enough when sustainable 
development must be taken into account in the strategic stage of any new project, when social, 
economic and environmental impacts are interconnected. 
The methodological framework integrates several components: 
8.1.1 MULTI-OBJECTIVE OPTIMIZATION STRATEGY BY GENETIC ALGORITHMS 
To address this challenge, the potential of genetic algorithms has been explored as an 
alternative of the current methodologies in the optimization of the HSC design, and in particular 
as a complementary approach to the MILP framework previously developed in (De-León Almaraz 
et al., 2014) for which the size and in particular the number of binary variables have often led to 
difficulties for problem solution. In this work, a variant of NSGA-II previously developed in 
(Gomez et al., 2008) has been used to cope with the multi-objective formulation, in order to 
produce compromise solutions automatically.  
The case study of the hydrogen mobility market in the former Midi-Pyrenées region has been 
considered (De-León Almaraz et al., 2014) for support of the proposed methodology. The solutions 
obtained by GA exhibit the same order of magnitude as those obtained with MILP in the mono-
criterion problem, but better compromise solutions are produced in the multi-objective 
formulation. The multi-objective GA gives Pareto front of better quality with a better distribution 
of the compromise solutions. Yet in our view, both strategies have not to be opposed but the 
maximum use of their potential benefits must be made according to the case study.  
8.1.2 MULTIPLE CRITERIA DECISION MAKING TOOL 
As in our previous works, the M-TOPSIS method (Ren et al., 2007) was used to choose a 
configuration among the compromise solutions obtained after the application of the multi-
objective optimization strategy. Its principle is to choose a solution that is closest to the ideal 
solution (better on all criteria) and away from the worst (which degrades all criteria). A specific 
module with M-TOPSIS has been implemented as a tool for multicriteria decision, thus 
facilitating its use after obtaining Pareto fronts. 
8.1.3 SENSITIVITY ANALYSIS STRATEGY BY DESIGN OF EXPERIMENTS 
The second scientific barrier was to identify the major parameters and their interaction affecting 
an economic criterion, since the start-up of the HSC deployment may be strongly penalizing from 
an economic point of view. In order to detect the most sensitive parameters and their interactions 
in the logistic model of the HSC, a sensitivity analysis (SA) was performed. Six important factors 
were analysed: demand, capital change factor (CCF), storage and production capital costs (SSC 
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and PCC), learning rate (LR) and unit production cost (UPC). A special attention has been paid 
on the response variable, i.e., the Total Daily Cost (TDC). The chosen methodology to perform the 
SA was a Design Of Experiments (DOE) strategy through the use of statistical tools such as 
Factorial Design and Response Surface methods. The SA was grouped into two experiments (one 
linear and one quadratic). In both experiments, not surprisingly, the demand is the factor that is 
by far the most significant parameter that strongly conditions the optimization criterion of the 
original HSC model, the second most important parameter is the capital change factor.  
In the original model (De-León Almaraz et al., 2014),  the unit production cost (UPC) of electricity 
remains fixed for all the time periods whatever the energy source (solar, wind…), which was a 
severe simplification. The unit production cost has now been improved considering the fixed 
facility costs (maintenance, labour cost) as well as electricity and feedstock costs which is more 
relevant to the reality of costs. 
8.1.4 DEMAND UNCERTAINTY MODELLING 
Another challenge was to model the uncertainty related to hydrogen demand which has been 
identified as one of the most significant parameters in the HSC. Since hydrogen demand was 
simply involved through constraints in the HSCN model formulation, the HSC design problem 
refers to the simplest form of fuzzy linear programming, as proposed by (Delgado et al., 1993; 
Ebrahimnejad and Verdegay, 2016; Verdegay, 1982). The solution strategy can thus be easily 
implemented by varying α which can be considered as the percentage of tolerance that will be 
added to the base demand. The solutions are compared with the original crisp models either 
based on MILP or on GA, giving more robustness to the proposed approach. 
8.1.5 SOCIAL COST-BENEFIT ASSESSMENT (SCBA) 
The proposed HSC design framework includes hydrogen production from its energy source to the 
distribution. The SCBA approach broadens the HSC scope by extending the frontiers of the 
studied system, targeting hydrogen fuelling infrastructure networks (installation and operation) 
as well as the deployment of Fuel Cell Vehicles (FCV) fleet.  
The SCBA approach for hydrogen deployment integrates societal benefits for the reduction of 
greenhouse gas emissions, noise air pollution abatement and social costs for the increase in 
platinum consumption in the manufacture of fuel cells. By including external costs, economic 
benefits of the replacement of ICEV (Internal Combustion Engine Vehicle) by FCV were 
highlighted.  
The SCBA approach is particularly interesting to aggregate in one single indicator the various 
viewpoint of the different actors that will have to be involved in the hydrogen transition, 
especially public decision-makers via externalities and subsidy policies.   
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For the case study, this study suggests that the economic comparison converges (point were the 
FCV overpass the ICEV) in 2045 (social-economic scenario) or in 2042 (subsidy-policy scenario) or 
in 2048 (economic scenario). At this point in time the FCV and ICEV will have the same lifetime 
cost.  
8.2 APPLICATION OF THE METHODOLOGICAL FRAMEWORK 
The originality of a hydrogen supply chain comes from the fact there is not unique and its design 
may vary according to the energy system it addresses and the different production, storage and 
distribution technologies. The application of the methodological framework provides support to 
answer key questions about the economic competitiveness of the hydrogen supply chain, whether 
it involves production of hydrogen from Renewable Energy (RE) in a decentralized or centralized 
manner, distribution of hydrogen, and use of hydrogen storage on large-scale and smaller-scale 
for medium- to longer- term to secure supply as the variable RE contributions increase. 
Two case studies have illustrated the application of the methodological framework.  
8.2.1 CASE STUDY “GREEN H2 FUEL” IN FORMER REGION “MIDI-PYRÉNÉES” 
At the regional level, the HSC was designed for the former Midi-Pyrénées region through the 
project “Green H2 fuel” in the time horizon from 2020 to 2050. The same example was used in the 
work of (De-León Almaraz et al., 2014). It helped us validate implementation of the strategy 
based on Genetic Algorithms.  
A comparative study of the different results considering different FCV market penetration rates 
taking into account different hydrogen production technology choices has been carried out. The 
results show that hydrogen cost for 2050 yet remains expensive compared to the Hyways 
roadmap targets (European Commission, 2008) for the best compromise solutions obtained by use 
of the proposed multi-objective-MCDM framework. For the sake of illustration, the best solution 
obtained for hydrogen cost minimization ($4.18/kg of H2) and for GWP minimization ($7.30/kg H2) 
has also been reported. A consistent approach would be to find a compromise solution between 
these bounds since the GWP is consistent with the targeted values  (Mobilité Hydrogène France, 
2016). 
The optimal HSC configurations obtained show that due the spatial dispersion of RE sources, it 
makes practical sense to produce hydrogen as near as feasible to where it is consumed thus 
promoting distributed electrolysis.  
The well-to-wheel CO2 emissions per km obtained with FCV obtained by use of the proposed 
methodology and those related to ICE vehicles equipped with gasoline -or diesel- fuelled engines 
(Hydrogen Council, 2017) for the 2050 period have also been compared. Currently, on-road fuel 
economy is around 1 kg of hydrogen per 100 km travelled, and the emissions expected for ICE 
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vehicles are around 60 g CO2/km (IEA, 2015). With the new unit production cost adopted in our 
study, the emissions are below 20 g CO2/km. It must be emphasized that FCEV emissions are 
expected to be below 23 g CO2/km (Mobilité Hydrogène France, 2016) in 2030, which means that 
the HSC obtained with the new costs is competitive with the expected results from the GWP point 
of view.  
The SCBA has been applied to this case study: the results obtained under a pessimistic scenario 
(low demand) study suggests that the economic comparison converges in 2045 (social-economic 
scenario) or in 2042 (subsidy-policy scenario) or in 2048 (economic scenario). At this point in time 
the FCV and ICEV will have the same lifetime cost. These values must be compared with the 
economic conversion obtained by (Cantuarias-Villessuzanne et al., 2016) 2052 (economic scenario) 
and 2046 (social-economic scenario) in which only SMR (Steam Methane Reforming) technology is 
considered and with or without CO2 capture. 
8.2.2 CASE STUDY “HYPORT ECO-SYSTEM” (META-PROJECT HYPORT, “REGION 
OCCITANIE”, APPEL A PROJET TERRITOIRES HYDROGENE”) 
The application of the airport system is a very interesting hydrogen platform as it permits to 
introduce hydrogen to a strategic point not only considering aircraft utilization, but also 
considering the activities generated by the airport (eco-mobility, tourist interest, etc.). 
The HSC can be applied no only to mobility environments, but also to other ecosystems. The 
viability of the HSC was analysed along different time periods. In the last period (2050) the cost 
and the CO2 emissions per kg of H2 reached the lowest values, mostly due to the maturity of the 
HSC. In the first period, the cost was still prohibitive due to HSC deployment (plants and storage 
units) and the subsequent low demand. 
The CO2 emissions were very low due to renewable source used, mainly hydropower, in this case.  
The conceptual project design described may be replicated in other regions where there is a 
(air)port ecosystem. This modelling approach can be useful to consider various ways to cluster 
multiple hydrogen users around an (air)port ecosystem, with cost sharing of hydrogen production 
and storage among users and to develop rollout strategies. 
Finally, HSC deployment involves a variety of energy sources, production, storage, transportation 
options, and supply of hydrogen to the refuelling stations. Obviously, the individual component 
models form the framework by which these system designs can be formulated and evaluated. The 
resulting network will heavily depend on the country/region-specific conditions.  
8.3 PERSPECTIVES 
Finally, several perspectives can be suggested in order to improve the proposed framework. 
 
 
 
8. General conclusions and perspectives 
267 
The generic framework could easily be extended to model other technological bricks, other usages 
and other geographical scales, to investigate if nationwide distribution network configurations 
could maintain hydrogen supply consistent with the energy needs. 
An extension could be to develop a fuzzy optimization model for supply chain design which 
considers demand and prices uncertainties. The model could be formulated as framework where 
data are ill-known and modelled by triangular fuzzy numbers. The synergetic effect of genetic 
algorithms and fuzzy demand modelling could be thus explored so that the fuzzy model would 
provide the decision maker with alternative decision plans for different degrees of satisfaction.  
The use of GA could also tackle some nonlinear relationships between the variables involved in 
the computation of capital cost instead of using instead of using fixed ranges for equipment 
design . 
In the SCBA framework, other externalities as hydrogen risks, supply stability/reliability, energy 
independence, employment effects, could also be quantified and added. The geographical scope 
could also be widened to the whole country of France to have a national point of view, and other 
types of vehicles could be incorporated to evaluate the impact of hydrogen mobility. 
The Power-to-Gas system modelling as highlighted in Chapter 2 is a natural extension to H2 
supply chain, in this system, hydrogen produced can be fed into the existing natural gas network 
for further use and replace natural gas on a like-for-like basis. The extension of the proposed 
framework is now under investigation in our research group.  
According to the dedicated literature, very few contributions have been reported to date 
considering hydrogen infrastructure modelling across spatial scales and time scales. Generally, 
and also in this work, the global time horizon has divided into strategic time periods (the 
discretization time may vary from one year to one decade). Yet the transition rate has an 
important effect on both costs and choice of the infrastructure, and there is some evidence from 
historical analogies that the transition rates widely assumed in the literature may be optimistic. 
Specific attention must be given to explore these different time scales.  
To the best of our knowledge, all reported studies on hydrogen supply chain design rely on 
centralized models, assuming that all the components in a supply chain operate in a cooperative 
way toward a universal objective. Yet, each stakeholder may pursue distinct objectives, which 
leads to conflicts of interest and compromised strategies. As a consequence, the optimal strategies 
obtained from a centralized life cycle optimization model may be overly optimistic or even 
infeasible under a non-cooperative environment. This issue constitutes an interesting perspective 
to consider in future works.  
At the end of this PhD work, the good message is that the hydrogen energy transition is feasible 
even if it is requiring continued efforts to the long lead-times of transformation processes in the 
energy system that provide long-term sustainability off the beaten tracks and deadlocks. 
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CHAPTER 8 
CONCLUSIONS GENERALS ET PERSPECTIVES 
L’hydrogène, produit à partir de sources renouvelables et utilisé dans les piles à combustible pour 
des applications mobiles et stationnaires, constitue un vecteur énergétique très prometteur dans 
le futur paysage énergétique afin de limiter le réchauffement du changement climatique.  
Des feuilles de route stratégiques ont été publiées depuis quelques années sur le potentiel de 
l'hydrogène pour aller vers un système énergétique propre et bas en carbone à des échelles 
continentales, nationales et régionales. Leur objectif principal est d'évaluer les enjeux industriels, 
technologiques, environnementaux et sociaux et d'identifier le principal obstacle à surmonter 
pour amorcer la transition. Ces feuilles de route sont particulièrement utiles pour accélérer le 
déploiement des technologies de l'hydrogène, avec le soutien des décideurs politiques, du secteur 
privé, des chercheurs et de la société civile : selon ces études, le déploiement des infrastructures 
de l'hydrogène est une tâche clé pour le développement d'une économie « hydrogène », pour 
atteindre des coûts compétitifs et une acceptation massive du marché. 
8.1 REPONSE A LA QUESTION SCIENTIFIQUE FONDAMENTALE 
L'objectif principal de ce travail était de proposer un cadre méthodologique pour aborder le 
problème de conception de la chaîne logistique « hydrogène » (HSC « Hydrogen Supply Chain ») de 
manière complémentaire à la recherche proposée dans la thèse de (De León Almaraz, 2014) 
élargissant ainsi le champ des méthodologies utilisées dans la conception de la HSC afin que les 
obstacles mentionnés ci-dessus pourraient être surmontés. 
Dans le même ordre d'idées, l'objectif scientifique était de développer un cadre générique qui 
puisse prendre en compte la conception d'une HSC pour l'utilisation de l’hydrogène comme 
carburant à l'horizon 2020-2050 en considérant différentes échelles géographiques, de 
nombreuses sources d'énergie et intégrant le panel de technologies de production et de stockage, 
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tout en considérant les modes de transport pour relier la demande d'hydrogène à son 
approvisionnement. 
La plupart des travaux scientifiques consacrés à la modélisation de la HSC ont impliqué des 
approches de programmation mathématique et se limitent généralement à une évaluation mono-
objectif (minimisation des coûts) ou bi-critère, généralement basée soit sur des critères 
environnement-coût, soit sécurité-coût. Cela ne suffit pas lorsque le développement durable doit 
être pris en compte dans la phase stratégique de tout nouveau projet, lorsque les impacts sociaux, 
économiques et environnementaux sont interconnectés. 
Le cadre méthodologique proposé intègre plusieurs composantes (Figure 8. 1) : 
8.1.1 STRATEGIE D'OPTIMISATION MULTI-OBJECTIF PAR ALGORITHME GENETIQUE 
Pour relever ce défi, le potentiel des algorithmes génétiques a été exploré en tant qu'alternative 
aux méthodologies actuelles d'optimisation de la conception des HSC, et en particulier en tant 
qu'approche complémentaire du cadre MILP développé précédemment dans (De León Almaraz, 
2014) pour lesquel la taille et en particulier le nombre de variables binaires ont souvent conduit à 
des difficultés numériques de résolution. Dans ce travail, une variante de NSGA-II développée 
précédemment dans (Gomez et al., 2008) a été utilisée pour résoudre la formulation multi-objectif, 
et produire automatiquement des solutions de compromis. 
L'étude de cas de la mobilité hydrogène dans l'ancienne région Midi-Pyrénées précédemment 
abordée (De León Almaraz, 2014) a été envisagée pour valider la méthodologie proposée. Les 
solutions obtenues par GA présentent le même ordre de grandeur que celles obtenues avec MILP 
dans le problème monocritère, mais de meilleures solutions de compromis sont produites avec la 
formulation multi-objectif. L'AG multi-objectif conduit à un front de Pareto de meilleure qualité 
avec une des solutions de compromis bien distribuées. Pourtant, à notre avis, les deux stratégies 
ne doivent pas être opposées, mais l'utilisation maximale de leurs potentiels doit être exploitée 
selon le cas d’étude 
8.1.2 METHODE D’AIDE A LA DECISION MULTICRITERE 
Comme dans nos travaux précédents, la méthode M-TOPSIS (Ren et al., 2007) a été utilisée pour 
choisir une configuration parmi les solutions de compromis obtenues après l'application de la 
stratégie d'optimisation multi-objectif. Son principe est de choisir une solution la plus proche de la 
solution idéale (meilleure sur tous les critères) et la plus éloignée de la pire solution (ce qui 
dégrade tous les critères). Un module spécifique utilisant M-TOPSIS a été implémenté comme 
outil de décision multicritère, facilitant ainsi l’exploitation directe des fronts de Pareto. 
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8.1.3 STRATEGIE D'ANALYSE DE SENSIBILITE PAR PLANS D'EXPERIENCES 
Le deuxième obstacle scientifique était d'identifier les paramètres majeurs et leur interaction 
affectant le critère économique retenu, puisque le démarrage du déploiement de la HSC peut être 
fortement pénalisant d'un point de vue économique. Afin de détecter les paramètres les plus 
sensibles et leurs interactions dans le modèle de conception de la HSC, une analyse de sensibilité 
(SA) a été réalisée. Six paramètres clés sont choisis : demande, facteur de changement de capital, 
coûts en capital de stockage et de production, taux d'apprentissage et coût unitaire de production. 
Une attention particulière a été accordée à la variable de réponse, c'est-à-dire le coût journalier 
total (TDC). La méthodologie choisie pour réaliser le SA était une stratégie de plans d'expériences 
(DOE) à l'aide d'outils statistiques tels que les méthodes de plan factoriel et de surface de 
réponse. La SA a été regroupée en deux expériences (une linéaire et une quadratique). Dans les 
deux expériences, sans aucune surprise, la demande s’est révélée comme le facteur le plus 
significatif qui conditionne fortement le critère d'optimisation du modèle HSC original ; le 
deuxième paramètre le plus important est le facteur de changement de capital.  
Dans le modèle original (De León Almaraz, 2014), le coût unitaire de production de l'électricité 
était fixe pour toutes les périodes quelle que soit la source retenue (éolien, solaire…), ce qui était 
une simplification sévère. Le coût de production unitaire a été amélioré en tenant compte des 
coûts d'installation fixes (entretien, coût de la main-d'œuvre) ainsi que des coûts de l'électricité et 
des sources, ce qui est plus pertinent pour la réalité des coûts. 
8.1.4 MODELISATION DE L'INCERTITUDE DE LA DEMANDE 
Un autre défi consistait à modéliser l'incertitude liée à la demande d'hydrogène qui a été 
identifiée comme l'un des paramètres les plus significatifs de la HSC. Puisque la demande 
d'hydrogène intervenait uniquement par le biais de contraintes dans la formulation du modèle, le 
problème de conception de la HSC avec demande incertaine  conduit à  forme très simple de 
programmation linéaire floue, comme proposé par (Delgado et al., 1993; Ebrahimnejad and 
Verdegay, 2016; Verdegay, 1982). La stratégie de solution peut ainsi être facilement mise en 
œuvre en faisant varier α qui peut être considéré comme le pourcentage de tolérance à ajouter à 
une demande de base. Les solutions obtenues ont été comparées avec celles des modèles originaux 
basés sur MILP ou sur GA, donnant plus de robustesse à l'approche proposée. 
8.1.5 ÉVALUATION DES COUTS-BENEFICES SOCIAUX (SCBA) 
Le cadre de conception des HSC proposé jusqu’alors comprend la production d'hydrogène de sa 
source d'énergie à la distribution. L'approche SCBA élargit vers laquelle nous nous sommes 
orientés élargit les frontières du système étudié et donc son champ d’action, en ciblant les réseaux 
d'infrastructures d'alimentation en hydrogène (installation et exploitation) ainsi que le 
déploiement de la flotte de véhicules à pile à combustible (FCV). 
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L'approche SCBA pour le déploiement de l'hydrogène intègre les avantages sociétaux induits à 
travers la réduction des émissions de gaz à effet de serre, la réduction de la pollution 
atmosphérique mais aussi les coûts sociaux par l'augmentation de la consommation de platine 
dans la fabrication des piles à combustible. En incluant les coûts externes, les avantages 
économiques du remplacement de l'ICEV (véhicule à essence) par le véhicule FCV ont été 
soulignés. 
L'approche SCBA est particulièrement intéressante pour agréger en un seul indicateur les 
différents points de vue de certains acteurs impliqués dans la transition hydrogène, notamment 
les décideurs publics via les externalités et les politiques de subvention. 
Pour l'étude de cas, cette étude suggère que la comparaison économique converge (point de 
dépassement de l’ ICEV par le FCV) en 2045 (scénario socio-économique) ou en 2042 (scénario de 
politique de subvention) ou en 2048 (scénario économique).  
8.2 APPLICATION DU CADRE METHODOLOGIQUE 
L'originalité d'une chaîne logistique de type « hydrogène » est liée au fait de sa non-unicité, en 
fonction notamment de la proximité du gisement des sources énergétiques et des modes divers de 
production, stockage et distribution. L'application du cadre méthodologique permet de répondre à 
des questions clés sur la compétitivité économique de la chaîne logistique « hydrogène », qu'il 
s'agisse de la production décentralisée ou centralisée d'hydrogène à partir d’ énergies 
renouvelables (RE), de la distribution et du stockage de l'hydrogène à grande échelle et à plus 
petite échelle pour sécuriser à moyen et long terme l’approvisionnement en énergie au fur et à 
mesure de l’augmentation de production d’énergie par des sources renouvelables.  
Deux études de cas ont illustré l'application du cadre méthodologique : 
8.2.1 ÉTUDE DE CAS "GREEN H2 FUEL" DANS L'ANCIENNE REGION "MIDI-PYRENEES"  
Au niveau régional, un problème de conception de HSC a été résolu pour l'ancienne région Midi-
Pyrénées à travers le projet "Green H2 fuel" dans l'horizon 2020-2050. Le même exemple avait été 
traité dans le travail de (De León Almaraz, 2014). Nous avons pu ainsi valider la mise en œuvre 
de la stratégie basée sur les Algorithmes Génétiques. 
Une étude comparative des différents résultats pour plusieurs taux de pénétration du marché 
FCV avec différents choix de technologies de production d'hydrogène a été réalisée. Les résultats 
montrent que le coût de l'hydrogène reste légèrement élevé par rapport aux objectifs de 
(European Commission, 2008) pour les meilleures solutions de compromis obtenues en utilisant le 
cadre multi-objectif-MCDM proposé. A titre d'illustration, la meilleure solution obtenue pour la 
minimisation du coût de l’hydrogène conduit à une valeur de 4,18 $ / kg de H2 et respectivement à 
7,30 $ / kg H2 pour la minimisation du potentiel de réchauffement climatique. Ces résultats 
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suggèreraient de choisir une solution de compromis entre ces deux limites puisque le GWP obtenu 
est cohérent avec les valeurs ciblées (Mobilité Hydrogène France, 2016) . 
Les configurations optimales obtenues de la HSC montrent qu'en raison de la dispersion spatiale 
des sources de RE, il est pratique de produire l'hydrogène le plus près possible de l'endroit où il 
est consommé, favorisant ainsi l'électrolyse dite « distribuée ».  
Les émissions de CO2 des puits à la roue par km obtenues avec le FCV en utilisant la 
méthodologie proposée et celles relatives aux véhicules ICE équipés de moteurs essence ou diesel 
(Hydrogen Council, 2017) pour la période 2050 ont été comparées. Actuellement, la consommation 
de carburant est d'environ 1 kg d'hydrogène par 100 km parcourus, et les émissions des véhicules 
ICE sont d'environ 60 g CO2 / km (IEA, 2015). Avec le nouveau coût de production unitaire adopté 
dans notre étude, les émissions sont inférieures à 20 g CO2 / km. Il faut souligner que les 
émissions FCEV devraient être inférieures à 23 g CO2 / km (Mobilité Hydrogène France, 2016) en 
2030, ce qui signifie que la HSC obtenue en adoptant le nouveau modèle de coûts est compétitif 
par rapport aux résultats attendus du point de vue du potentiel de réchauffement climatique. 
L’approche SCBA a été appliquée à ce cas d’étude : les résultats obtenus dans une étude de 
scénario pessimiste (faible demande) suggèrent que la comparaison économique converge en 2045 
(scénario socio-économique) ou en 2042 (scénario des subventions) ou en 2048 (scénario 
économique). À ce stade, le FCV et l'ICEV auront le même coût de vie. Ces valeurs doivent être 
comparées à la conversion économique obtenue par (Cantuarias-Villessuzanne et al., 2016) 2052 
(scénario économique) et 2046 (scénario socio-économique) mais qui ne s’intéresse qu’à la seule 
technologie  de reformage à la vapeur SMR (Steam Methane Reforming) à parti de différentes 
sources et avec capture ou non du CO2. 
8.2.2 CAS D'ETUDE "ECOSYSTEME HYPORT " (META-PROJET HYPORT, "REGION 
OCCITANIE", APPEL A PROJET TERRITOIRES HYDROGENE") 
L’écosystème aéroportuaire est une plateforme « hydrogène » très intéressante car elle permet 
d'introduire l'hydrogène à un point stratégique en considérant non seulement l'utilisation de 
l’hydrogène au sein de l’aéroport, mais aussi les activités générées par l'aéroport (écomobilité, 
intérêt touristique, etc.). 
Le cadre méthodologique de la HSC peut être appliqué non seulement aux environnements de 
mobilité, mais aussi à d'autres écosystèmes. La viabilité de la HSC a été analysée sur différentes 
périodes. Au cours de la dernière période (2050), le coût et les émissions de CO2 par kg de H2 ont 
atteint les valeurs les plus faibles, principalement en raison de la maturité de la HSC. Au cours 
de la première période, le coût était encore prohibitif en raison du déploiement de la HSC (usines 
et unités de stockage) et de la faible demande associée. 
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Globalement, les émissions de CO2 sont restées très faibles en raison de la source renouvelable 
utilisée, principalement l'hydroélectricité dans ce cas.  
La démarche proposée peut être répliquée dans d'autres régions où il existe un écosystème 
(aéro)portuaire. Elle peut être utile pour envisager différentes manières de regrouper plusieurs 
utilisateurs d'hydrogène autour de l’écosystème, avec un partage des coûts de production et de 
stockage d'hydrogène entre les utilisateurs et pour développer des stratégies de déploiement. 
Finalement, ces cas d’études renforcent les variétés de déploiement de chaînes hydrogène à 
travers le panel de sources d'énergie, de production, de stockage, d'options de transport et de 
fourniture d'hydrogène aux stations d’approvisionnement. Le cadre méthodologique développé 
dans nos travaux constitue permet de formuler, concevoir et évaluer de tels systèmes. Le réseau 
résultant dépendra fortement des conditions spécifiques au pays ou la région considérés. 
8.3 PERSPECTIVES 
Enfin, plusieurs perspectives peuvent être suggérées afin d'améliorer la méthodologie 
développée : 
• Le cadre générique pourrait facilement être étendu pour modéliser d’autres briques 
technologiques, d’autres usages et d’autres échelles géographiques, afin de déterminer si 
les configurations de réseaux de distribution à une échelle nationale sont en capacité 
d’assurer une fourniture en hydrogène compatible avec les besoins énergétiques. 
• Une extension pourrait être de développer un modèle d'optimisation « floue » pour tenir 
compte des incertitudes sur la demande et les prix. Le modèle pourrait être formulé à 
travers une approche où les données sont incertaines sont modélisées par des nombres 
flous triangulaires. L'effet synergique des algorithmes génétiques et la modélisation de la 
demande floue pourrait ainsi être exploré de sorte que le modèle flou fournisse au 
décideur des plans de décision alternatifs pour différents degrés de satisfaction. 
• L'utilisation de GA pourrait également aborder certaines relations non linéaires entre les 
variables impliquées dans le calcul du coût en capital au lieu de faire intervenir des 
gammes fixes pour la conception des équipements. 
• Dans le cadre du SCBA, d’autres externalités telles que les risques liés à l'hydrogène, la 
stabilité /fiabilité de l'approvisionnement, l'indépendance énergétique et les effets sur 
l'emploi, pourraient également être quantifiées et ajoutées. La portée géographique 
pourrait également être élargie à l'ensemble du pays, et d'autres types de véhicules 
pourraient être incorporés pour évaluer l'impact de la mobilité hydrogène. 
• La modélisation du système Power-to-Gas décrit au chapitre 2 est une extension naturelle 
de la chaîne logistique « hydrogène ». Dans ce système, l'hydrogène produit pourrait être 
utilisé dans le réseau de gaz naturel existant pour remplacer le gaz naturel sur une base 
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similaire. L'extension du cadre proposé est actuellement à l'étude dans notre groupe de 
recherche. 
• Selon la littérature, très peu de contributions considérant la modélisation d'infrastructure 
d'hydrogène à travers des échelles spatiales et temporelles ont été rapportées à ce jour. 
Généralement, et c’est aussi le cas de ce travail, l'horizon temporel global est divisé en 
périodes de temps stratégiques (le temps de discrétisation peut varier ici par décennie). 
Pourtant, le taux de transition a un effet important sur les coûts et le choix de 
l'infrastructure, et des analogies historiques montrent que les taux de transition prédits 
dans la littérature peuvent être optimistes. Une attention particulière devra être accordée 
à l'exploration de ces différentes échelles de temps. 
• À notre connaissance, toutes les études sur la conception de la chaîne logistique 
« hydrogène » reposent sur des modèles centralisés, en supposant que toutes les 
composantes d'une chaîne logistique fonctionnent de manière coopérative vers un objectif 
commun. Pourtant, chaque partie prenante peut poursuivre des objectifs distincts, ce qui 
conduit à des conflits d'intérêts et à des stratégies de compromis. En conséquence, les 
stratégies optimales obtenues à partir d'un modèle centralisé d'optimisation du cycle de 
vie peuvent être trop optimistes ou même irréalisables dans un environnement non 
coopératif. Cette question constitue une perspective intéressante à considérer dans des 
travaux futurs. 
À la fin de ce travail de doctorat, le message positif à retenir est que la transition énergétique 
hydrogène est faisable mais nécessite des efforts continus pour tendre vers un système 
énergétique durable, hors des sentiers battus. 
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APPENDIX 
APPENDIX A 
ORIGINAL MODEL CONSTRAINTS 
INDICES 
g: grid squares g and g': grid squares such that g' ≠ g 
i: product physical form 
l: type of transportation modes 
p: plant type with different production technologies  
s: storage facility type with different storage technologies 
DEMAND CONSTRAINTS  
Each grid has its own deterministic demand. This demand must be fulfilled eventually by 
production facilities established within a particular grid, i.e., local production, or by importing 
products from other neighbouring grids. Therefore, the demand satisfied by local production of a 
product form i in grid g (DLig) is expressed by the following constraint: 
giPD Tig
L
ig ,∀≤         (A.1)  
 
On the other hand, the demand for a product form i in grid g satisfied by neighbouring grids (DIig) 
is equal to the total flow imported to that grid by all types of transportation modes (Qilg’g): 
';,
',
lg' gggiQD
gl
gi
I
ig ≠∀= ∑        (A.2)  
 
The total grid demand (DTig) must equal the demand satisfied by the local production plus the 
demand imported from other grids: 
giDDD Iig
L
ig
T
ig ,∀+=         (A.3)  
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ENERGY SOURCE CONSTRAINT  
The average availability of primary energy sources e in a grid g during time period t is given as a 
sum of three terms. These are the initial average availability of primary energy sources, the 
import of primary energy sources and the rate of consumption of these sources. γepj is the rate of 
utilization of primary energy source e by plant type p and size j and is multiplied by the safety 
stock factor (SSF = 5%) for storing a small inventory of primary energy sources. The terms are 
expressed respectively by the following constraint: 
';,,0 gggtePRSSFIPESAA pijgt
pji
epjegtegtegt ≠∀−+= ∑ γ  (A.4) 
PRODUCTION FACILITIES CONSTRAINTS 
A total mass balance on a grid must be written to determine the total daily production rate of a 
particular grid. Since we assume a steady-state operation, the sum of the total flow rate of each 
product entering grid g (Qilg’g) plus the total production rate of the same grid (PTig) must equal the 
total flow rate leaving this grid (Qilgg’) plus the total demand required by grid g itself (DTig): 
( ) giDQQP
gl
T
iggigi
T
ig ,
',
lg''lg ∀+−=∑        (A.5)     
The total production rate of a product form i in grid g is equal to the production rate of all plants 
of type p established in that same grid: 
∑ ∀=
p
pig
T
ig giPRP ,         (A.6)   
The production rate of a product form i produced by any plant of type p in grid g (PRpig) cannot 
exceed certain limits. Thus, there is always a maximum production capacity for any product 
(PCappimax ). Moreover, there is often a minimum production rate (PCappimin) that must be 
maintained while the plant is operating: 
gipNPPCapPRNPPCap pigpipigpigpi ,,
maxmin ∀≤≤     (A.7) 
 
 
Constraint (A.7) means that the maximum daily production rate of product form i produced by 
plant type p is constrained by the number of production facilities NPpig. Likewise, the total 
production rate of each product form i in grid g (PTig) cannot exceed certain limits. Therefore, PTig 
is bound between the minimum and maximum production capacities of all plants that are 
established in this particular grid: 
 
giNPPCapPNPPCap pigpi
p
T
igpigpi
p
,
maxmin ∀≤≤ ∑∑     (A.8)  
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TRANSPORTATION CONSTRAINTS 
There must be a continuous flow of product between different grids in order to satisfy the 
required demand. The flow of a product form i from grid g to a different grid g’ will only exist if 
the transportation mode is established. Thus, there is always a minimum and a maximum flow 
rate of products (Qilmin and Qilmax) needed to justify the establishment of a transportation mode 
between two grids in the network: 
';',,,
'lg
max
'lg'lg
min ggggliXQQXQ giilgigiil ≠∀≤≤     (A.9)  
 
Flow of a product form i between different grids can only occur in one direction. This is because if 
a grid can only satisfy its needs by importing from other grids it would not make sense for that 
grid to export to other grids: 
';',,,1lg''lg ggggliXX gigi ≠∀≤+       (A.10)  
A particular grid can only import product from neighboring grids or export product to other grids, 
or neither but not both for the same reason stated earlier: 
';',,,
'lg ggggliXY giig ≠∀≥        (A.11)  
';',,,lg' ggggliXZ giig ≠∀≥        (A.12) 
giZY igig ,1∀≤+         (A.13) 
STORAGE FACILITIES CONSTRAINTS 
An important issue in the operation of this network is the ability of the storage facilities to hold 
the product for a certain period of time in order to accommodate for any demand and supply 
fluctuations. Therefore, storage facilities could be built either locally within a specific grid next to 
the production facility—if established—or outside the grid boundary away from the production 
source. During steady-state operation, the total inventory of a product form i in grid g (STig) is 
equal to a function of the corresponding demand (DTig) multiplied by the storage period (β), days of 
cover: 
giDS Tig
T
ig ,∀= β         (A.14) 
The parameter β is introduced to cover fluctuations in both supply and demand as well as plant 
interruptions. The capacity of each storage facility of type s storing product form i (SCapsimax) 
cannot exceed certain limits. This consideration will guarantee that the total inventory of each 
product in each grid will be bound within certain limits: 
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giNSSCapSNSSCap sigsi
s
T
igsigsi
s
,
maxmin ∀≤≤ ∑∑     (A.15) 
REFUELLING STATIONS 
The number of refuelling stations within a grid g dispensing a product form i depends on the total 
equivalent demand and the installed capacity of the fuelling stations, as follows: 
∑ ∀=
gi i
T
igt
t tFCap
D
NFS
,  
(A.16) 
NON-NEGATIVITY CONSTRAINTS 
All continuous and integer variables must be non-negative: 
giDLig ,0 ∀≥          (A.17) 
giDIig ,0 ∀≥          (A.18) 
gpiNPpig ,,0 ∀≥         (A.19) 
gsiNSsig ,,0 ∀≥         (A.20) 
giPTig ,0 ∀≥          (A.21) 
gpiPRpig ,,0 ∀≥         (A.22) 
';',,,0
'lg ggggliQ gi ≠∀≥        (A.23) 
giSTig ,0 ∀≥          (A.24) 
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TABLE A.1 NOMINAL VALUES OF THE DEMAND IN ALL THE EXPERIMENTS 
-a 
                      
Period/Grid 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
1 62 79 111 98 214 110 255 234 240 115 106 122 58 199 58 63 98 259 1254 104 47 68 
2 455 600 835 715 1615 830 1920 1785 1830 830 785 955 470 1500 425 500 750 1950 9390 735 295 545 
3 1070 1400 1955 1670 3785 1920 4485 4180 4260 1940 1830 2220 1080 3500 995 1160 1760 4555 21920 1725 700 1285 
4 1525 1995 2785 2395 5405 2750 6410 5975 6085 2770 2605 3165 1535 5000 1425 1660 2505 6495 31310 2460 995 1835 
                       
+b 
                      
Period/Grid 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
1 186 236 332 294 642 329 764 702 720 344 317 365 174 597 173 189 294 777 3761 312 140 204 
2 1365 1800 2505 2145 4845 2490 5760 5355 5490 2490 2355 2865 1410 4500 1275 1500 2250 5850 28170 2205 885 1635 
3 3210 4200 5865 5010 11355 5760 13455 12540 12780 5820 5490 6660 3240 10500 2985 3480 5280 13665 65760 5175 2100 3855 
4 4575 5985 8355 7185 16215 8250 19230 17925 18255 8310 7815 9495 4605 15000 4275 4980 7515 19485 93930 7380 2985 5505 
                       
0 
                      
Period/Grid 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
1 124 157 221 196 428 219 509 468 480 229 211 243 116 398 115 126 196 518 2507 208 93 136 
2 910 1200 1670 1430 3230 1660 3840 3570 3660 1660 1570 1910 940 3000 850 1000 1500 3900 18780 1470 590 1090 
3 2140 2800 3910 3340 7570 3840 8970 8360 8520 3880 3660 4440 2160 7000 1990 2320 3520 9110 43840 3450 1400 2570 
4 3050 3990 5570 4790 10810 5500 12820 11950 12170 5540 5210 6330 3070 10000 2850 3320 5010 12990 62620 4920 1990 3670 
                       
α=+1.8 
                      
Period/Grid 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
1 236 298 420 372 813 416 967 889 912 435 401 462 220 756 219 239 372 984 4763 395 177 258 
2 1729 2280 3173 2717 6137 3154 7296 6783 6954 3154 2983 3629 1786 5700 1615 1900 2850 7410 35682 2793 1121 2071 
3 4066 5320 7429 6346 14383 7296 17043 15884 16188 7372 6954 8436 4104 13300 3781 4408 6688 17309 83296 6555 2660 4883 
4 5795 7581 10583 9101 20539 10450 24358 22705 23123 10526 9899 12027 5833 19000 5415 6308 9519 24681 118978 9348 3781 6973 
              
         
α=-1.8 
             
         
Period/Grid 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
1 12 16 22 20 43 22 51 47 48 23 21 24 12 40 12 13 20 52 251 21 9 14 
2 91 120 167 143 323 166 384 357 366 166 157 191 94 300 85 100 150 390 1878 147 59 109 
3 214 280 391 334 757 384 897 836 852 388 366 444 216 700 199 232 352 911 4384 345 140 257 
4 305 399 557 479 1081 550 1282 1195 1217 554 521 633 307 1000 285 332 501 1299 6262 492 199 367 
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TABLE A.2 NOMINAL VALUES FOR LEARNING RATE (LR) 
Period/Level 
-αCCD -1 0 1 + αCCD  
0% 5% 11,5% 18% 23% 
1 1 1 1 1 1 
2 1 1.05 1.115 1.18 1.23 
3 1 1.1 1.23 1.36 1.46 
4 1 1.15 1.345 1.54 1.69 
 
TABLE A.3 NOMINAL VALUES FOR PRODUCTION CAPITAL COST (PCC) 
0% 
small medium large 
SMR 29000000 224000000 903000000 
ElectrolysisPV 61000000 663000000 0 
ElectrolysisWind 61000000 663000000 0 
ElectrolysisHydro 61000000 663000000 0 
ElectrolysisNuc 61000000 663000000 0 
DisElectrolysisPV 4026385 9018000 20198000 
DisElectrolysisWind 4026385 9018000 20198000 
DisElectrolysisHydro 4026385 9018000 20198000 
DisElectrolysisNuc 4026385 9018000 20198000 
-1 
small medium large 
SMR 21750000 168000000 677250000 
ElectrolysisPV 45750000 497250000 0 
ElectrolysisWind 45750000 497250000 0 
ElectrolysisHydro 45750000 497250000 0 
ElectrolysisNuc 45750000 497250000 0 
DisElectrolysisPV 3019789 6763500 15148500 
DisElectrolysisWind 3019789 6763500 15148500 
DisElectrolysisHydro 3019789 6763500 15148500 
DisElectrolysisNuc 3019789 6763500 15148500 
+1 
small medium large 
SMR 36 250 000 280 000 000 1 128 750 000 
ElectrolysisPV 76 250 000 828 750 000 0 
ElectrolysisWind 76 250 000 828 750 000 0 
ElectrolysisHydro 76 250 000 828 750 000 0 
ElectrolysisNuc 76 250 000 828 750 000 0 
DisElectrolysisPV 5 032 981 11 272 500 25 247 500 
DisElectrolysisWind 5 032 981 11 272 500 25 247 500 
DisElectrolysisHydro 5 032 981 11 272 500 25 247 500 
DisElectrolysisNuc 5 032 981 11 272 500 25 247 500 
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TABLE A.3 NOMINAL VALUES FOR PRODUCTION CAPITAL COST (PCC) 
(CONTINUATION) 
- αCCD  
small medium large 
SMR 11846500 91504000 368875500 
ElectrolysisPV 24918500 270835500 0 
ElectrolysisWind 24918500 270835500 0 
ElectrolysisHydro 24918500 270835500 0 
ElectrolysisNuc 24918500 270835500 0 
DisElectrolysisPV 1644778 3683853 8250883 
DisElectrolysisWind 1644778 3683853 8250883 
DisElectrolysisHydro 1644778 3683853 8250883 
DisElectrolysisNuc 1644778 3683853 8250883 
 
+ αCCD  
small medium large 
SMR 46153500 356496000 1437124500 
ElectrolysisPV 97081500 1055164500 0 
ElectrolysisWind 97081500 1055164500 0 
ElectrolysisHydro 97081500 1055164500 0 
ElectrolysisNuc 97081500 1055164500 0 
DisElectrolysisPV 6407992 14352147 32145117 
DisElectrolysisWind 6407992 14352147 32145117 
DisElectrolysisHydro 6407992 14352147 32145117 
DisElectrolysisNuc 6407992 14352147 32145117 
 
TABLE A.4 NOMINAL VALUES FOR STORAGE CAPITAL COST (SCC) 
0 
mini small medium large 
LH2stock 802165 5000000 33000000 122000000 
-1 
mini small medium large 
LH2stock 601624 3750000 24750000 91500000 
+1 
mini small medium large 
LH2stock 1 002 706 6 250 000 41 250 000 152 500 000 
- αCCD  
mini small medium large 
LH2stock 327684 2042500 13480500 49837000 
+ αCCD  
mini small medium large 
LH2stock 1276646 7957500 52519500 194163000 
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TABLE A.5 NOMINAL VALUES FOR UNIT PRODUCTION COST (UPC) 
0 
small med large 
SMR 3.36 1.74 1.43 
ElectrolysisPV 4.69 4.59 0 
ElectrolysisWind 4.69 4.59 0 
ElectrolysisHydro 4.69 4.59 0 
ElectrolysisNuc 4.69 4.59 0 
DisElectrolysisPV 6.24 5.38 4.94 
DisElectrolysisWind 6.24 5.38 4.94 
DisElectrolysisHydro 6.24 5.38 4.94 
DisElectrolysisNuc 6.24 5.38 4.94 
-1 
small med large 
SMR 2.52 1.31 1.07 
ElectrolysisPV 3.52 3.44 0.00 
ElectrolysisWind 3.52 3.44 0.00 
ElectrolysisHydro 3.52 3.44 0.00 
ElectrolysisNuc 3.52 3.44 0.00 
DisElectrolysisPV 4.68 4.04 3.71 
DisElectrolysisWind 4.68 4.04 3.71 
DisElectrolysisHydro 4.68 4.04 3.71 
DisElectrolysisNuc 4.68 4.04 3.71 
 
+1 
small med large 
SMR 4.20 2.18 1.79 
ElectrolysisPV 5.86 5.74 0.00 
ElectrolysisWind 5.86 5.74 0.00 
ElectrolysisHydro 5.86 5.74 0.00 
ElectrolysisNuc 5.86 5.74 0.00 
DisElectrolysisPV 7.80 6.73 6.18 
DisElectrolysisWind 7.80 6.73 6.18 
DisElectrolysisHydro 7.80 6.73 6.18 
DisElectrolysisNuc 7.80 6.73 6.18 
- αCCD  
small med large 
SMR 1.37 0.71 0.58 
ElectrolysisPV 1.92 1.88 0.00 
ElectrolysisWind 1.92 1.88 0.00 
ElectrolysisHydro 1.92 1.88 0.00 
ElectrolysisNuc 1.92 1.88 0.00 
DisElectrolysisPV 2.55 2.20 2.02 
DisElectrolysisWind 2.55 2.20 2.02 
DisElectrolysisHydro 2.55 2.20 2.02 
DisElectrolysisNuc 2.55 2.20 2.02 
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TABLE A.6 NOMINAL VALUES FOR UNIT PRODUCTION COST (UPC) 
(CONTINUATION) 
+ αCCD  
small med large 
SMR 4.85 2.51 2.06 
ElectrolysisPV 6.77 6.63 0.00 
ElectrolysisWind 6.77 6.63 0.00 
ElectrolysisHydro 6.77 6.63 0.00 
ElectrolysisNuc 6.77 6.63 0.00 
DisElectrolysisPV 9.01 7.77 7.13 
DisElectrolysisWind 9.01 7.77 7.13 
DisElectrolysisHydro 9.01 7.77 7.13 
DisElectrolysisNuc 9.01 7.77 7.13 
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Appendix B 
APPENDIX B 
TABLE B.1 PARAMETERS OF THE HSC MODEL 
Parameter Value 
General 
α Network operating period 365 days/year 
β Storage holding period-average number of days' worth of stock 10 days 
CCF Capital Change Factor 12 years 
LR Learning rate  2% per year 
Transport 
DW Driver wage of transportation mode $ 14.57/h 
FE Fuel economy of transportation mode 2.3 km/l 
FP Fuel price of transportation mode $ 1.5/l 
GE General expenses of transportation mode $ 8.22/day 
LUT Load and unload time of product for transportation mode 2 h/trip 
ME Maintenance expenses of transportation mode $ 0.126/km 
SP Average speed of transportation mode 66.8 km/h 
TMA Availability of transportation mode 18 h/day 
w Weight of transportation mode 40 t 
UFC Unit fuelling cost of H2 $ 0.39/kg 
CO2 
emissions 
GWTrans  Transport Global warming potential 62 g CO2 per tonne-km 
GWStock Storage Global warming potential 704 g CO2 per kg of H2 
Capacities 
Tcap Capacity of transportation mode transporting H2 3500 kg/trip 
Qmin Minimum flow rate of H2 by transportation mode 3500 kg/day 
Qmax Maximum flow rate of H2 by transportation mode 960000 kg/day 
Scapmin Minimum storage capacity of storage H2 500 kg 
Scapmax Maximum storage capacity of storage H2 9500 kg 
Capital 
costs 
SCC Capital cost of establishing storage units $ 5000000 
TMC Cost of establishing transportation mode $ 500000 
Risk 
IRFS Inherent risk factor of storage facilities 0.9 
IRFT Inherent risk factor of transport mode 1.3 
 
TABLE B.2 DISTANCE BETWEEN GRIDS 
Grids 1 2 3 4 5 6 7 8 
1 0 111.1 105.5 58.3 133.6 220.2 110.7 194 
2 111.1 0 71.8 126.9 214.8 287.7 146.5 228.7 
3 105.5 71.8 0 75.1 152.1 225 74.5 156.7 
4 58.3 126.9 75.1 0 88 160.9 51 135.5 
5 133.6 214.8 152.1 88 0 73.8 79.6 137.9 
6 220.2 287.7 225 160.9 73.8 0 152.8 156.9 
7 110.7 146.5 74.5 51 79.6 152.8 0 84.6 
8 194 228.7 156.7 135.5 137.9 156.9 84.6 0 
 
TABLE B.3 RISK BETWEEN GRIDS 
Grids 1 2 3 4 5 6 7 8 
1 0 3 4 2 3 6 5 6 
2 3 0 4 3 8 8 7 8 
3 4 4 0 3 6 6 5 6 
4 2 3 3 0 3.5 5 4 5 
5 3 8 6 3.5 0 2 4 5 
6 6 8 6 5 2 0 4 2 
7 5 7 5 4 4 4 0 4 
8 6 8 6 5 5 2 4 0 
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TABLE B.4 POTENTIAL HAZARDS TO PEOPLE. WEIGH FACTOR RISK POPULATION IN EACH GRID 
 1 2 3 4 5 6 7 8 
WFP 1 1 2 2 1 1 3 1 
 
TABLE B.5 VALUES OF Γ, GWPROD, PCAPMIN, PCAPMAX, PCC, UPC, IRFP 
Source Technology 
γ1 
(unit resource per 
unit product) 
GWProd2 
(g CO2-eq per 
kg of H2) 
Pcapmin3 
(kg/day) 
Pcapmax4 
(kg/day) 
PCC5 
($) 
UPC6 
($/kg) 
IRFP7 
Natural gas SMR 4.02 10100 300 9500 29000000 3.89 0.27 
Photovoltaic 
Electrolysis 52.49 6206 300 9500 61000000 18.49 0.3 
DisElectrolysis 52.49 6206 50 400 4026385 4.45 0.15 
Wind 
Electrolysis 52.49 3034 300 9500 61000000 1.43 0.3 
DisElectrolysis 52.49 3034 50 400 4026385 2.86 0.15 
Hydro 
Electrolysis 52.49 2068 300 9500 61000000 18.9 0.3 
DisElectrolysis 52.49 2068 50 400 4026385 4.86 0.15 
Nuclear 
Electrolysis 52.49 3100 300 9500 61000000 1.84 0.3 
DisElectrolysis 52.49 3100 50 400 4026385 3.27 0.15 
 
TABLE B.6 VALUES OF UIC, UDC 
Source 
UIC8  
($ per unit) 
UDC9 
($/unit/km) 
Natural gas 0.012 0.0000122 
Photovoltaic 0.005 0.0000509 
Wind 0.005 0.0000509 
Hydro 0.005 0.0000509 
Nuclear 0.005 0.0000509 
 
 
 
 
 
 
                                                     
1 Rate of utilization of primary energy source by plant 
2 Process Global warming potential 
3  Minimum production capacity of production plant 
4 Maximum production capacity of production plant 
5 Capital cost of establishing a production plant 
6 Unit production cost 
7 Inherent risk factor of production facilities 
8 Unit import cost of energy source 
9 Unit distribution cost of energy source 
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TABLE B.7 INITIAL AVERAGE AVAILABILITY OF PRIMARY ENERGY SOURCES (UNIT PER DAY) 
Period Grid 
Natural 
gas 
Photovoltaic Wind Hydro Nuclear 
1 
1 0 471278 0 557061 0 
2 0 483634 2457909 285325 0 
3 0 297382 2119665 550197 0 
4 0 304231 1058296 1112723 51210000 
5 0 526073 1058296 0 0 
6 0 0 0 3281233 0 
7 0 364574 840080 1914367 0 
8 0 26575 0 1654163 0 
2 
1 0 635663 0 557061 0 
2 0 477847 2922190 124022 0 
3 0 406972 2804597 550197 0 
4 0 413821 1743228 1112723 51210000 
5 0 690458 1743228 0 0 
6 0 0 0 3281233 0 
7 0 474164 1182546 1914367 0 
8 0 26575 0 1654163 0 
3 
1 0 648377 0 557061 0 
2 0 660980 3555013 285325 0 
3 0 415112 2860689 550197 0 
4 0 422098 1778092 1112723 51210000 
5 0 704268 1778092 0 0 
6 0 0 0 3281233 0 
7 0 483553 1206197 1914367 0 
8 0 26575 0 1654163 0 
4 
1 0 661344 0 557061 0 
2 0 674199 3626113 285325 0 
3 0 423414 2917903 550197 0 
4 0 430540 1813654 1112723 51210000 
5 0 718353 1813654 0 0 
6 0 0 0 3281233 0 
7 0 493130 1230321 1914367 0 
8 0 26575 0 1654163 0 
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